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Multiphonon  processes  of  defect  creation  in  surface 
regions  of  semiconductors,  initiated  by  electron 
excitations  decay 


L.G. Grechko,  V.G.Levandovskii  and  G.E.Chaika* 


Institute  for  Surf  ace  Chemistry,  National  Academy  of  Sciences  of  Ukraine, 
31  Nauki  Ave.,  252028  Kiev,  Ukraine 


*Kiev  Branch  of  Odessa  Communication  Institute, 

7  Solomenskaya  St.,  252022  Kiev,  Ukraine 

The  probability  of  lattice  site-intersite  transition  of  an  impurity  atom  initiated  by  hrated-up  exciton 
plasma  in  surface  layers  of  semiconductors  with  non-homogeneous  electrical  field  is  calculated  by 
quantum  mechanical  methods.  This  transition  is  accompanied  by  exciton  decay  and  the  hole  capture 
onto  the  level  of  the  created  defect.  The  final  result  shows  that  heating  of  exitons  may  stimulate  to  a 
significant  measure  the  formation  of  electrically  active  centers  in  materials. 


3  BHKopHciaHHSM  KBaHTOBO-MoxaHiMHoro  po3paxoBaHO  HMOBipHicTb  nepexo^ty  ^oMiunco- 

Boro  aTOMa  y  Mi)KDy3Jifl,  iHiuiiioBaHoro  poairpiroio  ckchtohhoio  njiasMoio  y  noaepXHeBHX  oGnacrax 
naniBnpouijniHKiB  i  HeoflHopiAHHM  eJieKxpHHHHM  nojieM.lfefi  nepexifl  Moixe  cynpoBO/txcyBaTHCb 
poana/iOM  cKCHTona  ra  aaxonjieHitaM  flipKH  ua  eHepreTHHHHH  piBeHb  yTBopeHoro  flectieKTy.  B  peayab- 
Tari  npoBeflcHux  aocaiaxeHb  noKasano,  mo  posirpiB  eKCHTOHia  Moxce  sHauHo  cTHMyaioBaTH 
({lopMyBaHHa  eaeKTpitHno  aKTUBHHX  qeHTpiB  y  Marepiaiii. 


Introduction 

It  was  noted  in  number  of  recent  papers  [1] 
that  an  electric  field  fslO^  to  lO"^  V/cm  promotes 
essentially  the  formation  of  new  local  electron 
states.  One  can  observe  this  effect  both  in  the 
dark  and  (in  a  more  pronounced  form)  in  the 
presence  of  ionizing  radiation,  particularly  near 
the  surface  region  of  the  crystal  or  at  the  inter¬ 
face.  There  are  several  energy  dissipation  chan¬ 
nels  of  electron  excitations  decay  leading  to 
formation  of  electrically  active  centers  in  non- 
metallic  materials  as  it  is  known  from  [1-5].  One 
must  differ  in  multithermic  [1,2]  and  mul¬ 
tiphonons  [3-5]  types  of  processes.  The  last  one  is 
essentially  nonlinear  because  it  is  accompanied  by 
self-consistent  electron  (or  hole)  capture  at  the 
energy  level  of  created  electrically  active  defect. 
Mechanisms  of  such  phenomena  have  been  pro¬ 
posed  in  [3].  They  are  based  on  the  polyaron  the¬ 
ory  which  is  a  conceptual  theory  where  the  system 


with  many  degrees  of  freedom  is  phonons  subsys¬ 
tem.  It  was  shown  that  some  probability  exists  for 
an  electron  in  the  conduction  band  of  giving  rise 
to  a  defect  generation  associated  with  electron 
transition  from  conduction  band  to  a  lower  en¬ 
ergy  level  of  that  defect,  so  that  free  energy  of  the 
system  «crystal  having  a  defect  plus  an  electron)) 
would  reach  its  minimum  value.  The  probability 
of  the  elementary  act  of  defect  creation  assisted 
by  electron  excitation  depends  particularly  on  the 
quantum  number  labelling  of  such  excitations 
and  on  the  wave  vector  for  nonlocalized  excita¬ 
tions.  Thus,  external  factors  (electrical  field,  light 
exposure,  etc.)  acting  on  the  excitation  partition 
function  must  change  also  the  observed  efficiency 
of  defect  creation.  But,  as  far  back  as  in  [3],  it  was 
noted  that  electrons  (holes)  are  not  the  sole 
«light)>  subsystem  for  effective  process  of  defect 
formation.  Exciton  gas  is  the  other  such  one.  We 
have  already  analyzed  in  [6]  the  inhomogeneous 
electrical  field  influence  on  exciton  plasma  heat- 
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ing  up  in  surface  layers  of  semiconductors.  That 
is  why  we  think  it  would  be  expedient  to  estimate 
the  excitons  heating-up  influence  on  defect  for¬ 
mation  in  inhomogeneous  regions  of  nonmetalic 
crystals. 


Approximate  quantum  mechanical 
treatment 

In  the  present  report,  we  calculate  transition 
probability  between  two  following  states  of  the 
system  «nonmetallic  crystal  plus  exciton»:  1)  all 
the  host  crystal  atoms  are  located  in  lattice  sites, 
more  light-weight  impurity  atom  is  substitutional 
(z-state),  exciton  has  the  wave  vector  ^  2)  impu¬ 
rity  atom  is  located  in  a  lattice  intersite  (/"-state), 
the  lattice  site  occupied  by  it  before  is  now,  empty 
exciton  decays  into  a  hole,  localized  at  the  va¬ 
cancy  quantum  level,  and  an  electron  that  moves 
to  a  conduction  band.  To  calculate  the  transition 
probability  we  use  the  following  coordinates: 
Qy,  -  normal  coordinates  for  description  of  the  lat¬ 
tice  vibrations,  coordinates  ^for  impurity  atom / 
which  transition  is  accompanied  by  wave  of  dis¬ 
placements  of  surrounding  atoms,  rf"r^,  rf-  co¬ 
ordinates  of  the  exciton,  electron,  and  hole, 
respectively.  The  probability  of  the  process  is  cal¬ 
culated  by  nonadiabatic  operator  for  electron  and 
defect  atom  introduced  in  [4] . 

G  -_Avp  (1) 

^int  2m  \  w 

Here,  (p,(^),  'ii  „{qy)  -  are  eigenfunc¬ 

tions  of  exciton,  the  impurity  atom  in  the  initial 
state  and  normal  vibrations  with  quantum  num¬ 
ber  Uy,  respectively.  The  eigenfunction  of  exciton 
in  the  initial  state  is  defined  as  the  product 
=  where  H/,(r,2)  is  hydrogen-like 

exciton  eigenfunction  in  bound  state,  de¬ 

scribes  the  exciton  translation  movement, 
(mJ^+m/^/{mp  +  mj,  r,2  =  K  -  and 

trip  are  effective  masses  of  the  electron  and  the 
hole.  In  the  final  state,  the  exciton  eigenfunction 
has  also  the  form  of  a  product 

where  is  the  hydrogen-like  eigenfunction 

for  electron  localized  at  the  defect,  and  is  a 
Bloch  function  for  electron  in  conduction  band 
with  wave  vector  k.  Eigenfunctions  of  the  displac¬ 
ing  atom  are  harmonic  oscillator  type  and  vary  in 
q^j  and  9’^ equilibrium  positions  for  z  and / states. 
Transition  probability  into  new  quantum  state  is 
calculated  by  summation  with  respect  over  all 


changes  of  states,  when  energy  conservation  law 
being  satisfied: 

k 

where  p  =  (e^  -  -  W)/Hwi,  Sco  is  phonon  en¬ 

ergy,  8^  is  exciton  energy  including  energy  of 
translation  movement  and  an  interior  energy, 
is  energy  of  the  bound  electron  the  localized  at 
the  defect,  is  the  electron  kinetic  energy  in  con¬ 
duction  band,  W  is  the  height  of  potential  barrier 
for  electron  transition  between  states,  are  the 
quantum  numbers  for  normal  oscillations  of  the 
host  crystal  atoms. 

With  the  help  of  results  from  [4,5],  one  can 
transform  the  expression  for  transition  prob¬ 
ability  to  the  following  form: 


nfi 

2Mco 


X  lp{z)  exp(  -  a  (n  +  Vi)). 


(3) 


Here,  Ip  Ij  are  the  quantum  numbers  of  transit¬ 
ing  atom,  g  is  the  quantum  number  of  hole  been 
localized,  s  is  the  quantum  number  of  exciton 
state.  Ip  is  the  first-kind  Bessel  function  of 
imaginary  argument, 

z  =  a[n(n+  a  =  ^  ^q^^^  -  q^^]  q^,  q^  are 

coordinates  for  atomic  normal  vibrations,  n  is 
the  number  of  equilibrium  phonons. 

It  is  necessary  to  note  that  the  preexponential 
integral  G  in  (3)  depends  on  also  but,  as  the 
estimations  that  based  on  [5]  demonstrate,  this 
dependence  is  less  strong  than  exponential.  In  this 
report,  we  are  interested  first  of  all  in  the  depend¬ 
ence  of  defect  formation  efficiency  on  the  electri¬ 
cal  field  E,  therefore,  we  assume  this  integral  to 
be  constant. 


Field  influence  on  quantum 
transition  probability 

For  comparison  our  results  with  experimental 
ones,  we  must  average  (3)  over  vectors  k,-  and  W. 

Y  =  JJ  When  the  free  electron 

has  energy  near  the  conduction  band  bottom,  and 
exciton  partition  function  is  the  equihbrium  one, 
we  obtain 


y  »  C  exp[-{IT-  As  +pJ/kTQ],  (4) 

where  =  (z/2)  ln(l  +  1/n),  Tq  is  the  equilibrium 

temperature  of  exciton  gas,  Ae  is  the  difference  in 
bound  energy  between  the  hole  at  local  level  and 
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Fig.l .  The  natural  logarithm  (InCy/Yn))  dependence  on 

the  electric  field  parameter  p  for  =  20 

(1),  30  (2)  andri(o/A:7'o  =  0.1  (a).  0.5(i>). 


the  exciton.  Now  we  account  properly  for  the  in¬ 
fluence  of  factors  distorting  the  exciton  partition 
function  on  the  defect  creation  probability.  Let 
an  external  nonuniform  electrical  field  will  be  one 
of  such  factors.  We  have  considered  in  [6]  the 
heating-up  of  exciton  gas  by  inhomogeneous  elec¬ 
trical  field  E.  It  had  been  shown  that  exciton  par¬ 
tition  function  may  be  written  as 


n{x)  (P  4-  {e./kTQ)f  exp(  -  s/^rp) 
viX3/^,  p+5^,  p) 


where  n(x)  is  excitons  concentration  and 
P  =  (aE  (dE/dx))  1^/8,  a  is  the  exciton  po¬ 
larizability,  is  an  exciton  free  path  length.  Ac¬ 
cording  to  [6]  the  heating-up  of  exciton  plasma 
byelectrical  field  leads  to  increasing  of  exciton 
concentration  in  regions  where  p  tends  to  maxi¬ 
mal  value;  that  can  change  the  exciton  lumines¬ 
cence  intensity.  At  the  same  time,  the  defect 
creation  process  may  be  initiated  also. 

Substituting  the  partition  function  obtained  in 
[6]  into  expression  for  y,  and  calculating  the  inte¬ 
gral  approximately,  we  obtain 


*2 


-p 


X  exp 


X 
2 


(^V-A£-tjk7’o) 

ZhakTQ 


(6) 


where 

_  IL  As  -  Hep  r.  _ fiai(IV~  5e) _ 

kTo  (IV- EB  +  kTo-na)kroJ 

f2=  1/4[1 -t-(l -t-Sp)'"^].  Cp  is  the  constant  in¬ 
cluding  all  preexponential  factors  which  are 
weakly  dependent  on  p. 


The  result  of  numerical  integration  in  expres¬ 
sion  for  Y  for  nonequilibrium  partition  function 
(5)  is  shown  at  Fig.l  for  (IF  -  Ae)/kTQ  =  20  (1), 

30  (2)  and  ha/kTo  =  0.1  (a),  0.5  (b).  One  can  see 
that  formula  (6)  is  qualitatively  valid  for  y(p)  de¬ 
pendence.  The  final  result  shows  that  y/Yo  =/(P) 
(Y  =  Y(,  when  p  =  0)  is  an  abrupt  function  for  p 
values  from  1  to  1 00.  Increasing  of  the  defect  for¬ 
mation  probability  by  the  factor  10^  to  10^  in  this 
interval  requires  p  to  be  magnified  by  10  times 
only.  Thus,  the  heating  by  nonuniform  electrical 
field,  causing  the  increase  of  exciton  density  in  the 
high  energy  tail  region,  may  enhance  appreciably 
the  defect  creation  efficiency. 

Conclusion 

The  probability  of  lattice  site-intersite  transition 
of  impurity  atoms  initiated  by  exciton  plasma  heat¬ 
ing-up  in  semiconductors  is  calculated  by  quantum 
mechanical  methods.  Such  defect  may  be  due  to 
impurity  atoms  capable  of  occurring  at  intersites, 
the  latter  being  accejitors.  This  transition  is  accom¬ 
panied  by  capture  the  electron  at  the  level  of  the 
created  defect.  When  calculating  by  quantum  me¬ 
chanical  methods,  the  impurity  atomic  mass  is  sup¬ 
posed  to  be  smaller  than  those  of  the  host  atoms. 
Such  an  assumption  makes  it  possible  to  apply  the 
double-adiabatic  approximation  for  the  system  host 
atoms  -  impurity  atom  -  exciton  and  to  calculate 
the  probability  of  multiphonon  transition  process. 
As  a  result,  the  upper  value  of  the  above  transition 
probability  corresponds  to  higher  exciton  energy. 
Thus,  the  activating  of  exciton  subsystem  by  an 
electric  field  or  by  radiation  causing  the  exciton 
density  to  increase  in  the  high  energy  tail  region 
may  stimulate  the  defect  formation  in  material.  The 
results  of  the  investigation  make  it  possible  to  pre¬ 
dict  the  dependence  of  defect  formation  probability 
on  some  parameters  of  subsystems  taking  part  in 
the  transition  and  electrical  field  (P). 
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MHoro4)OHOHHbie  npoueccbi  coaztaHHH  ;;e^KTOB  b 
nOBepXHOCTHbIX  CJ10SIX  nOJiynpOBO^HHKOB,  UHHUHlipOBaHHbie 
pacnaiiOM  3JieKTpoHHbix  BosSyacijeHHH 

JI.r.rpeqKO,  H.r.JIcBaHflOBCKHH,  r.E.^aHKa 


C  npHMeHeHneM  KBaHXOBO-MexaHHMecKoro  noflxo;ia  paccHHraHa  BepoAXHOcrt  nepexofla  nptiMec- 
Horo  axoMa  b  Me)iyioy3jiHe,  HHHUHHpoBaHHoro  paaorpexoH  skchxohhoh  njiaxMOH  b  noBepxHocxHbix 
o6jiacxflx  nojTvnpoBoflHHKOB  c  Heo/jHopoflHbiM  3JieKxpHHecKHM  nojieM.  3xox  nepexofl  MO>Kex  conpoBO)K- 
Jiaxbcsj  pacnajiOM  BKCiixoHa  h  saxBaxoM  ^bipKH  Ha  aHepreumecKHH  ypoBCHb  oGpasoBaBuieroca  aecjiexxa. 
B  peaymxaxe  npoBefleHHbix  HCCJieflOBaHHH  noKasaHO,  hxo  pa3orpeB  xkciixohob  moxcct  cxHMyjinpoBaxb 
3HaHnxejibHbiM  o6pa30M  (j)opMHpoBaHHe  BJieKxpiiHecKM  aKXiiBHbix  qcHxpoB  B  MaxepHajie. 
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Surface  spin-reorientational  transition  in  rare-earth 
orthoferrites  and  orthochromites 


E.A.Gan’shina,  G.S.Krinchik  and  E.A.Balykina 


M.V.Lomonosov  Moscow  State  University, 
1 17234  Moscow,  Russian  Federation 


Magnetooptical  effects  of  reflection  were  investigated  in  rare^^h  orthofemtes  and  o^ochromto  in 
the  temperati^e  range  10-295  K.  In  some  orthoferrites  and  LuCrOS,  the  character  of  phase  SRT  is  f 
be  diff^t  from  thlt  observed  by  magnetic  experiments.  Decreasing  the  temperature  to  50  K  for  TbPeOj 
Ldto  33  K  for  SmFeO,,  magnetooptical  effects  were  found  to  fall  to  zero  sharply.  This  fact  indicates  that 
*e  weak  fmomagnetism  vecSr  disappears  in  a  surface  layer  (the  Morin  transition).  Temperature  of  he 
SRT  onset  oi?  the^surface  of  SmFeOg  is  found  to  shift  to  the  high-tempera*ure  region  as  compared  to  the 
bdk.  Hence,  there  is  a  transitional  surface  laye-- similar  to  the  domain  boundary  with  the  gradual  reonenta- 
tion  of  the  antiferromagnetism  vector  about  90  °. 


noHBeaeHO  peaynbxaTH  flocjiiaiKeHHH  MarniTOonTHHHHX  ecticKTiB  Biaemra  y  piaKoseMeabHHX 
opToAeppHxax  (P300)  xa  opxoxpoMixax.  BHaBaenna  aBnm  noBepxncBOTO  MarHernsMy  BHana- 
rbSeS™i  noioBi  xa  noaapnaaniHHi  saaeacHOCxi  eKsaxopiaabHoro  eiJieKxy  Keppa  b  obaa^i 
xcMnepaxyp  10-295  K  npn  naKaaaaHHi  MarnixHoro  noaa  saaoB*  pisHHX  KpHcxaaorpaitiiHHH  ^ 
BnaBaeHO  mo  b  paay  P30d)  xa  b  LuCrOj  xapaKxep  noBepxHesHX  cnin-nepeopieHxamHHHX  nepexoaiB 
fcnni  BiapixnaCTbca  Bia  xhx,  mo  BiaSyBaioxbca  b  oO’eMi.  BnaBaeno,  mo  npn  simiKeHHi  xeMiiepaxypn 
Sk  nTbPeT^  Kb  SmFe03  exBaxopiaabHHH  e^iexx  Keppa  SMenmyerbca  ao  nyaa.  mo 

njo  .»op.  .  „oBep»e.OM,  m.p,  (nep«P.  T„n 

Mopina)  Rm  ErFeO,  BHasacHO  3cyB  y  BHcoKoxeMnepaxypuy  oOaacxb  noaaxKy  CHH^  ^  2 

^^BepxHi  nopiBHano  3  oO’eMOM,  x.x.  na  noBepxni  ErFeOj  icnye  nepexiannH  noBepxneBHH  uiap  xuny 
flOMCHHoi  Mexi.  B  aKOMy  BiaSyBacibca  nocxynoBHH  noBopox  BCKXopa  anxm^-epoMarnexHaMy  na  . 


A  transitional  microscopic  layer  on  the  mag¬ 
netic  crystals  surface  having  the  magnetic  state 
different  from  that  of  bulk  material  was  first  re¬ 
vealed  at  weak  ferromagnetics.  During  investiga¬ 
tions  of  magnetooptical  reflection  effects  on  the 
hematite  non-base  faces,  it  was  found  that  surface 
layer  behaves  as  a  single-axial  weak  ferromagnet 
w'hile  hematite  itself  is  a  crystal  having  "light 
plane"  anisotropy  [1].  This  phenomenon  was  ex¬ 
plained  as  a  result  of  the  competition  of  two  an¬ 
isotropy  types,  i.e.  magneto-dipole  and 
single-ionic  ones.  In  rare-earth  orthoferntes 
(REOK)  which  belong  to  the  weak  ferromagnet¬ 
ics,  various  spi.:  reorientational  trai.sitions 
(SRT)  are  observed  at  temperature  variation,  due 
to  competitive  interactions  between  the  rare-earth 
and  the  ferric  sublattices  [2].  In  the  SRT  area 
where  the  first  anisotropy  constant  is  small,  the 


contribution  of  surface  anisotropy  can  result  in 
various  manifestations  of  the  surface  magnetism. 

The  existence  of  the  surface  magnetism  can  be 
revealed  by  the  study  of  magnetooptical  reflec¬ 
tion  effects  controlled  by  the  magnetic  state  of  the 
thin  surface  layer. 

This  work  describes  the  magnetooptical  et- 
fects  of  reflection  studied  on  rare-earth  orthofer¬ 
rites  and  orthochromites  (REOC).  To  reveal  the 
surface  magnetism  phenomena,  dependences  of 
the  equatorial  Kerr  effect  (EKE)  on  temperature, 
field  and  polarization  were  studied  in  the  tem¬ 
perature  range  10-295  K  under  a  magnetic  field 
being  imposed  along  various  crystallographic 
axes.  For  a  number  of  REOF,  the  SRT  character 
was  found  to  be  substantially  different  from  that 
in  the  bulk  material. 
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Fig.l .  6(r)  in  TbFe03.  tm  -  3.0  eV,  H  -  0,5  kOe,  light  incidence  angle  tp  =  65  °  //  ||  c.  Specimens:  No. I  -  (I  lO). 
No.2  ~  (010),  No. 3  -  (100).  Inset:  8(//)  for  specimen  No. 2  at  T  =  25  K  (1),  30  K  (2),  33  K  (3),  37  K  (4).  40  K  (5), 


a)  TbFeOa 

The  temperature  and  field  dependences  of 
EKE  (8)  for  TbFe03  were  measured  on  three 
specimens.  Specimen  No.l  represented  the  mirror 
face  (110)  of  a  single  cr>'stal.  Two  other  plates 
oriented  in  (010)  (specimen  No.2)  and  (100) 
(specimen  No. 3)  planes  were  cutted  out  of 
TbFeOg  single  crystal  growed  by  the  zone  melting 
method  with  the  optical  heating.  Measurements 
on  the  specimen  No.  1  were  made  without  surface 
pretreatment  (on  the  natural  mirror  face)  and  af¬ 
ter  annealing  in  air  at  T  =  1200  “C  for  5  h.  The 
plates  of  specimens  No.2  and  No. 3  were  polished 
mechanically  and  then  annealed  in  air  for  3  h  at 
T  =  1200  °C.  The  specimen  No.2  after  reference 
measurements  was  etched  by  orthophosphoric 
acid  at  300  °C  for  two  minutes. 

Fig.l  shows  the  temperature  dependences  of 
EKE,  8(7),  in  the  area  of  spectral  maximum  3  eV 
measured  in  the  magnetic  field  of  0.5  kOe  parallel 
to  C  axis.  At  the  temperature  decrease  to 
(50±1)  K,  a  sharp  drop  of  the  effect  to  zero  was 
observed  for  all  specimens  within  a  narrow  tem¬ 
perature  range.  Increasing  the  magnetic  field  in¬ 


tensity  resulted  it  a  shift  of  the  knee  on  8(7) 
curves  toward  low  temperatures  by  about 
6  K/kOe.  On  the  inset  of  Fig.l,  the  field  depend¬ 
ences  of  EKE,  8(77),  are  shown  for  specimen  No.2 
at  various  temperatures.  The  additional  surface- 
treatment  of  the  specimens  No.l  and  No.2  (an¬ 
nealing  and  chemical  etching)  did  not  cause  any 
change  of  8(7)  and  5(77)  dependences  type. 

To  elucidate  the  type  of  the  spin-reorienta- 
tional  transition  observed,  the  EKE  measure¬ 
ments  in  the  magnet  field  77  ||  <7  were  performed 
for  the  specimen  No.2.  In  Fig. 2,  polarization  de¬ 
pendences  of  the  magnetooptical  effect,  8(0),  for 
various  temperatures  are  shown.  At  elevated  tem¬ 
peratures,  the  polarization  dependencies  pattern 
corresponds  to  the  intensitive  meridional  Kerr  ef¬ 
fect  (IMKE)  which  is  due  to  the  presence  of  a 
longitudinal  magnetization  component  F^.  The 
specimen  remagnetization  occurs  at  the  cost  of 
small  component  of  the  magnetic  field  projection 
on  the  C  axis.  At  the  temperature  lowering  to 
50  K,  the  IMKE  disappeared  by  jump.  The  im¬ 
posing  of  a  magnetic  field  H\\a  caused  the  ap¬ 
pearance  of  EKE  which  was  increased  with 
temperature  lowering.  The  inset  of  Fig. 2  shows 
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Fig.2.  5(9)  for  the  specimen  No.2. 9  is  the  light  polari¬ 
zation  azimuth,  ^co  =  3.0  eV,  cp  =  65  ®,  //=  3  kOe, 


the  field  dependencies  of  that  effect  for  several 
temperatures.  For  the  specimen  No.3,  none  mag¬ 
netooptical  effects  were  observed  at  temperatures 
lower  than  50  K  in  magnetic  field  up  to  5  kOe 
directed  along  the  b  axis. 

For  the  terbium  orthoferrite,  a  rather  intricate 
magnetic  behaviour  was  observed  in  the  low-tem¬ 
perature  range  [2].  At  7”  >  6.5  K,  spins  of 
ions  are  in  the  phase  (where  G  is  the 

antiferromagnetism  vector;  F,  ferromagnetism 
one)  and,  at  Tf^j  =  6.5  K,  change  to  ar¬ 

ranging  the  magnetic  moments  of  Tb^*  ions  along 
a  axis  of  the  crystal  according  to  T^(G^Fy)  mode. 
It  is  the  R— Fe  interaction  which  is  the  cause  of 
that  transition  and  results  in  the  spUtting  of  the 
main  quasidoublet  in  the  r2  phase.  At 

=  3.3  K,  an  antiferromagnetic  ordering  occurs 
in  the  rare-earth  subsystem  (72  ^52)  which 

causes  a  decrease  of  the  terbium  ions  susceptibil¬ 
ity  along  the  a  axis  what  renders  the  72  phase  to 
become  energetically  disadvantageous  and  gives 
rise  to  a  reverse  fj  r4  reorientation  of  Fe^* 
ions  spins  at  =  3.1  K  [3,4].  Rare-earth  ions 
pass  therewith  into  a  purely  antiferromagnetic 
configuration  rg(a^gp. 

It  follows  from  the  results  obtained  by  us  that, 
at  temperatures  lower  than  50  K,  no  spontaneous 
turning  of  spins  into  f  liG^^F^  state  occurs  in  sur¬ 
face  layer  of  TbFeOs.  Thus,  it  should  be  sup¬ 
posed  that  the  SRT  observed  is  a  r4->ri 
transition  of  Morin  type  and,  in  the  absence  of 
magnetic  field,  a  transitive  layer  exists  on  the 
TbFe03  surface  where  the  antiferromagnetism 
vector  turns  to  90  °C  and  ferromagne¬ 

tism  vectors  changes  itself  from  to  0.  A  rela¬ 
tively  weak  magnetic  field  (up  to  3  kOe)  imposed 
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Fig.3.  5(7)  in  SiTlFeOg  *co  =  3.1  eV, // =  0.5  kOe. 
Specimens:  No.l  -(119),  No.2 -(010) 

along  c  axis  causes  the  complete  "erasement"  of 
the  surface  magnetism  in  the  temperature  range 
35-50  K  (see  Fig.  1 ,  inset).  The  EKE  increase  with 
temperature  lowering  in  the  magnetic  field  H\\a 
is  associated  with  the  magnetic  moment  F^  rise  as 
the  critical  temperature  of  bulk  phase  transition  is 
approached.  As  it  follows  from  the  experimental 
phase  diagram  of  threshold  field  (H”,7)  given  in 
[5],  at  r  =  10  K,  a  magnetic  field  of  7/^  ~  3  kOe  is 
sufficient  to  induce  the  r4  r2  SRT.  Our  results 
(Fig.2)  show  that,  at  10  K  in  the  magnetic  field 

=  3.  kOe,  the  SRT  does  not  attain  its  maxi¬ 
mum  value,  i.e.  the  critical  field  of  surface  SRT 
fj  r2  has  a  larger  value  than  the  threshold  one 
of  r2  transition  in  the  bulk  crystal.  The  in¬ 
crease  of  5  with  the  FT  11  a  growing  indicates  to  a 
diminution  of  the  surface  magnetic  layer  depth. 

b)  SmFeOs 

The  EKE  in  SmFeOs  was  measured  on  the 
mirror  growth  face  (110)  of  a  single  crystal  (speci¬ 
men  No.l)  and  on  a  plate  oriented  in  (010)  plane 
made  from  a  crystal  of  the  same  growth  batch 
(specimen  No.2).  The  specunen  No.l  surface  was 
not  treated,  specimen  No.2  was  undergone  an  an¬ 
nealing  and  chemical  etching.  Fig.3  shows  tem¬ 
perature  dependences  of  EKE  for  both  specimens 
in  the  0.5  kOe  magnetic  field  directed  along  [1 10] 
axis  for  specimen  No.l  and  along  [100]  one  for 
specimen  No.2.  The  temperature  lowering  to  T  ~ 
33  K  caused  a  knee  on  the  8(7)  plot  and  sub¬ 
sequent  sharp  drop  of  the  Kerr  effect.  On  the 
specimen  No.2,  the  field  EKE  dependences  were 
measured  for  several  temperatures  in  the  transi¬ 
tion  range;  the  results  obtained  are  shown  on 
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Fig. 4.  5{//)  in  SmFe03  (specimens:  No. 2), 
»©  =  3.I  eV,//||n,  7-=  32K(1),  29K(2),  27K(3), 

Fig.4.  Measurements  performed  on  both  speci¬ 
mens  in  a  magnetic  field  H  |l  c  have  shown  that, 
within  the  limit  of  experimental  accuracy,  the 
EKE  in  SmFe03  is  absent.  The  absence  of  Kerr 
effect  at  r  <  33  K  indicates  the  disappearance  of 
the  weak  ferromagnetic  moment  vector  in  the  sur¬ 
face  layer  of  SmFe03,  thus,  it  can  be  supposed 
that  the  surface  transition  observed  is  a  SRT  of 
Morin  type  TjiG^F^)  r,((^). 

On  the  specimen  No.l  of  samarium  orthofer¬ 
rite,  the  magnetization  was  measured  at  tempera¬ 
ture  being  varied  from  300  K  to  4.2  K  (see  Fig.5). 
In  the  temperature  range  studied,  no  bulk  phase 
transitions  were  observed  what  confirms  our  sup¬ 
position  that  the  SRT  observed  takes  place  in  a 
thin  surface  layer  having  the  thickness  compara¬ 
ble  to  the  depth  of  light  penetration  into  crystal. 
Thus,  at  r  <  33  K,  a  situation  occurs  when  the 
T2{G^F^  phase  is  the  magnetic  state  of  the  bulk 
SmFe03  while  surface  spins  are  ordered  accord¬ 
ing  to  r,(C7p  mode,  i.e.  the  surface  is  a  transi¬ 
tional  layer  of  the  domain  boundary  type,  where 
a^  progressive  turn  of  the  iron  ions  spin  system 
G^F^  ->■  Gy  takes  place. 

c)  ErFeOa 

In  ErFe03,  the  initial  temperature  of 
T -^Y2{G^G^  reorientation  on  the  sur- 
f^e  {T2s)  was  observed  to  be  shifted  largely  (by 
40  K)  toward  the  high-temperature  area  as  com¬ 
pared  to  that  in  volume  {T2v)-  For  Tm  and  Ho, 
orthoferrites,  critical  SRT  temperatures  on  the 
surface  and  in  the  volume  were  the  same  (see 
Fig.6).  That  experimental  fact  leads  inevitably  to 


a.u. 


Fig.5.  Temperature  dependences  of  EKE  (1)  and 
magnetization  (2)  in  SmFeOg 


6-1 0^ 


Fig.6.  8(7)  in  TmFeOj  (a),  HoFe03(b),  ErFe03  (c), 
feo  =  3.25  eV,  //  =  I  kOe 

the  conclusion  that  there  is  a  surface  magnetism 
in  erbium  orthoferrite  on  (010)  face. 

Based  on  the  results  obtained,  we  can  state 
that,  in  the  temperature  range  from  T2S  =  140  K 
to  T2y-  100  K  with  magnetic  field  being  oriented 
along  c  axis,  the  bulk  magnetic  moment  is  ori¬ 
ented  exactly  along  that  axis  while  on  the  surface 
it  is  deflected  from  c  axis  by  a  certain  angle  S 
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Fig.7.  Field  dependences  ofcosB;  for  ErFeOg  (a)  at  7’=95K(1),  100K(2),  120K(3),  140  K  (4);  for  HoFeOg  (b) 
at  r=  50  K  (1),  55  K  (3),  65  K  (4).  In  both  case,  //1|  c,  (010) 


increasing  with  lowering  temperature  and  attain¬ 
ing  90  °  at  temperature  Tiy.  The  angle  9  can  be 
determined  from  the  relationship  cos  9  = 
where  5  7-  is  the  EKE  value  at  7’>  T’25.  Our  ex¬ 
periments  showed  that  9  does  not  depend  essen¬ 
tially  on  the  magnetic  field  when  the  latter  varies 
from  2  to  4  kOe.  In  Fig. 7,  field  dependences  of 
the  EKE  are  presented  for  ErFe03  in  the  tem¬ 
perature  range  -Tis  ^od  for  HoFe03  in  the 
SRT  range.  The  EKE  value  for  HoFeOs  is  seen  to 
vary  significantly  when  H  increases.  For  ErFeO^, 
on  the  contrary,  the  EKE  independence  from  H  is 
observed  after  the  monodomain  state  is  attained. 
That  result  can  be  explained  as  follows.  The  angle 
9  takes  the  equilibrium  value  due  to  action  of  the 
surface  anisotropy  localized  in  few  surface  atomic 
layers.  But  to  rearrange  the  structure  of  the  tran¬ 
sitional  layer,  its  energy  in  a  magnetic  field  must 
be  comparable  to  that  of  bulk  anisotropy  which 
increases  significantly  at  T>  T2-  For  example, 
the  value  of  the  first  magnetic  anisotropy  con¬ 
stant,  K,,  for  erbium  orthoferrite  at  T=  130  K  is 
3.210^  erg/cm^  i.e.  the  effective  anisotropy  field 
amounts  to  =  IK^Im^  =  64  kOe  [5]  what  ex¬ 
ceeds  substantially  the  external  magnetic  field. 

The  following  experiment  supports  to  some 
extent  «he  contention  that,  as  in  the  case  of  hema¬ 
tite  [6],  the  physical  cause  of  the  surface  magnet¬ 
ism  rise  in  the  erbium  orthoferrite  lies  in  a 
symmetry  decrease  of  the  environment  of  surface 
magneto-active  ions  and  not  in  casual  effects  like 
the  strain  hardening  during  polishing  or  surface 


admixtures.  From  an  ErFe03  single  crystal  of  the 
same  growth  batch,  using  the  same  technology,  a 
plate  was  made  having  the  plane  turned  by  about 
40  °C  relatively  to  initial  one  (010)  around  [001] 
axis  (let  it  by  designated  as  the  plane  a).  For  that 
plane,  T^s  is  found  to  be  shifted  toward  the  low- 
temperature  area  to  T^-  113  K  (the  5(7^  curve 
obtained  for  that  specimen  at  // 1|  c  is  showed  by 
a  broken  line  on  Fig.6). 

The  studies  performed  show  that  the  surface 
magnetism  is  a  rather  common  phenomenon  for 
rare  earth  orthoferrites  manifesting  itself  in  the 
rise  of  surface  orientations  (SmFe03,  TbFe03), 
shifting  of  SRT  critical  temperatures  for  the  sur¬ 
face  as  compared  with  those  for  the  bulk  crystal 
(ErFe03)  and  being  due  to  more  fundamental 
causes  than  surface  defects  or  contaminations. 

Phenomenologically,  the  appearance  of  sur¬ 
face  magnetic  transitions  of  the  spin  reorientation 
type  can  be  explained  by  a  difference  in  the  char¬ 
acter  of  temperature  dependences  of  the  magnetic 
anisotropy  constants  near  the  surface  and  in  the 
bulk  crystal.  The  qualitative  distinction  of  results 
obtained  for  TmFe03  and  HoFe03,  on  the  one 
hand,  and  ErFe03,  TbFe03,  and  SmFe03,  on 
the  other,  can  be  understood  if  we  take  into  ac¬ 
count  that  the  rise  of  the  surface  magnetism  is,  in 
a  sense,  a  threshold  process  [6]  occurring  when  a 
gain  at  the  cost  of  the  surface  anisotropy  energy. 
Kg,  exceeds  the  characteristic  energy  of  the  do¬ 
main  boundary  formation  in  the  surface  layer, 
o  =  liKs  <  do.  the  magnetic  moments  of 
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iron  ions  have  the  same  orientation  both  on  the 
surface  and  in  the  crystal  volume  (that  is  the  case 
ofTmFe03,  HoFe03). 

According  to  current  views,  the  spin-reorienta¬ 
tion  type  transitions  in  REOF  do  not  occur  because 
of  a  variation  of  the  iron  sublattices  anisotropy  con¬ 
stant  under  temperature  influence,  but  are  due  to 
rare-earth  sublattices  effect  intensifying  when  tem¬ 
perature  decreases.  At  low  temperatures,  rare-earth 
ions  exhibit  a  great  anisotropy  of  magnetic  proper¬ 
ties  which  is  due,  to  a  large  extent,  to  the  presence  of 
a  low-symmetrical  crystal  field.  Pecularities  of  the 
interaction  between  RE  ions  and  Fe  ones  are  re¬ 
sponsible  for  the  variety  of  SRT  in  REOF  and  de¬ 
fine  the  mechanisms  of  the  orientation  transitions. 
The  symmetry  lowering  of  the  crystalline  surround¬ 
ing  of  magneto-active  ions  in  the  REOR  surface 
layer  causes  changes  in  RE-Fe  and  Fe-Fe  interac¬ 
tions  what  may  result  in  the  surface  magnetism  ap¬ 
pearance. 

Thus,  we  get  the  conclusion  that,  along  with 
the  usual  SRT,  a  diversity  of  surface  phase  SRTs 
exists  in  REOFs,  and  to  explain  them,  account 
must  be  taken  for  variations  of  different  RE-Fe 
and  Fe-Fe  interaction  in  surface  layer. 


A  specific  surface  magnetic  phase  state  was 
found  also  at  the  investigation  of  the  tempera¬ 
ture  dependence  of  magnetooptical  effects  in  the 
LuCr03  orthocromite,  for  which  the  EKE  drop 
to  zero  was  observed  at  F  <  50  K  [7]. 

The  experimental  data  presented  here  provide 
strong  evidence  that  the  presence  of  the  surface 
magnetism  is  the  rule  rather  than  the  exception 
for  weak  ferromagnetics. 
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IloBepxHOCTHbie  cnHH-nepeopHeHTauMOHHbie  nepexo,abi  b 
pe/iK03e!viejibHbix  opTO(})eppHTax  h  opxoxpoiviHTax 

E.A.raHbuuHHa,  F.C.Kphhhhk,  E.A.BajibiKHHa 


npuBeneHbi  peaynbxaTbi  HccneflOBaHua  MaruHTOouTHHecKHX  aeJxfieKTOB  oxpajKeHHa  b  penKO- 
seMenbHbix  opxo({)eppHTax  (PSOO)  h  opxoxpoMHxax.  7(jia  obuapyxteHHa  aBJieHHH  noBepxHocxHoro 
MaruexHSMa  HsyHajiHCb  xeMnepaxypubie,  noJieBbie  h  nojiapuBauHOHUbie  saBHCHMOCTH  BKBaTopuajibHoro 
acJj^jeKxa  Keppa  b  oGjiacxn  xesinepaxyp  10-295  K,  npu  npnjiojKeHHH  MaruHTHoro  nojia  BflOJib 
pasJiHHHbix  KpHcxajiiiorpa(J)H4ecKHx  oceii.  06Hapy5KeHO,  hto  b  pane  PSOO  u  b  LuCrOg  xapaicxep 
noBepxHOcxHbix  cnuH-nepeopHeuxauHOHUbix  nepexonoB  (Cnil)  oxjinaaeTca  ox  npoHcxonamnx  b 
o6beMe.  06HapyaceHO,  hxo  npu  noHH>KeHHH  xcMnepaxypbi  no  50  K  b  TbFeOg  h  go  33  K  b  SmFeOg 
SKBaxopHajibHbiH  3([)(})eKX  Keppa  yMeubuiaerca  no  uyjia,  hto  CBunerejibCTByex  o6  HCHesHOBeuHH 
BCKTopa  cjia6oro  (feppoMarHerHSMa  b  noBepxuocxHOM  cnoe  (nepexon  xuna  MopHua).  Enn  ErFeOg 
o6Hapya(eHO  CMemenue  b  BbicoKoxeMnepaxypuyio  o6jiacxb  Hanajia  Cnil  r4  -  Ej  ua  noBepxuocxH  no 
cpaBHCHHio  c  o6beMOM,  T.e.  Ha  noBepxHocxu  ErFeOg  cymecTByex  nepexonHbiH  noBepxHocxHbifi  cjioh 
THna  nOMBHHOH  XpaHHUbl,  B  KOTOpOM  npOHCXOnHX  UOCXeneHHblH  nOBOpOT  BCKTOpa  aHTHf^ep- 
poMarHeTH3Ma  Ha  90  °. 
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Surface  shear  inodes  in  piezoelectric 
superlattice  with  additional  layer 
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3  Nesterov  St.,  252057  Kiev,  Ukraine 


The  results  on  theoretical  studies  of  the  surface  phonons  (shear  modes)  existence  in  a  system  of 
piezoelectric  superlattice  and  additional  thin  layer  are  presented.  The  additional  layer  that  modifies  the 
surface  wave  properties  of  the  superlattice  is  considered  as  a  planar  defect  or  as  a  piezoelectric  or 
metallic  coating.  The  superlattice  is  assumed  to  be  formed  by  two  or  more  materials  and  to  have  the 
geometry  which  exhibits  Bleustein-Gulyaev  wave  existence  in  a  single  surface  problem .  The  long-wave¬ 
length  phonon  propagation  is  studied  for  the  case  when  the  layers  are  considered  as  elastic  continuous 
media.  The  dispersion  equations  are  derived  by  the  mathematical  formalism  of  periodic  Hamiltonian 
system.  The  relations  for  surface  modes  are  discussed  as  functions  of  the  nature  and  the  relative 
parameters  of  additional  film. 


Braoiaaeno  peaym^xaTH  xeoperHHHKX  flocnvpKeHb  yMOB  icHyBaHUfl  noBepxHesnx  cpoHOHiB  (Moa  scysy)  b 
CHCTCMi  "n’esoejieKTpHHHa  uatipeuiiTKa  -  flOflaxKOBHH  tohkhh  map".  ^oflaxKOBHH  map,  mo  MOflH(|)iKye 
XBHJibOBi  BJiacTHBOcri  Ha/ipemiTKH,  poarjumaerbca  hk  njiauapHUH  fleiJieKT  a6o  n’eaoejieKxpHHHe  (Mera- 
JieBe)  iioKpHira.  BsaxcaeTbca,  mo  Ha^peminca  cTBopena  flBOMa  (a6o  fitnbme)  pisHHMH  MaxepianaMH  i  Mae 
reoMerpiio,  npn  mdH  icHyKxrb  xbhjiI  BjnocreHHa-ryjiaeBa  b  sa^ani  3  oanieio  noBepxneio.  BHBHaerbca 
nomupemw  noBroxBHjn>OBHX  (JiohohIb  y  BHna,ilKy,  kojih  Bci  mapu  poBrJumarorbCS  sue  npyiKHi  cyuiJibHi 
cepeflOBHma.  J(HcnepciHHi  piBHaHua  oflepacano  3a  aonoMororo  MaxeMaxHUHoro  (JiopMajiisMy  nepioanaHux 
raMtnbxoHOBHX  cHcxeM.  CniBBiflHomeHHa  mia  noBqixHeBHX  Moa  aocaiaacyioxbca  b  3aae)KHOCTi  Bia  npnpo;- 


au  xa  BiaHocHHX  napaMcxpiB  aoaaxKOBOi  ojubkh. 

1.  Introduction 

With  the  considerable  advances  in  thin-film 
techniques  that  enable  high-quality  crystalline 
multilayer  structures  -  superlattices  -  to  be  fabri¬ 
cated,  researches  exploring  the  various  properties 
of  such  heterostructures  attract  the  increasing  at¬ 
tention.  In  addition  to  extensive  investigation  of 
the  electronic  quantum  states  and  transport  prop¬ 
erties,  a  number  of  works,  both  theoretical  and 
experimental,  have  been  dealt  with  the  study  of 
vibrational  characteristics  of  superlattices  [1-3]. 
Particularly,  as  noted  in  [4],  the  phonon  propaga¬ 
tion  consideration  can  provide  much  information 
on  the  composition,  periodicity,  interfaces,  de- 
fectness,  strain  field  and,  generally  speaking,  on 
the  quality  of  the  superlattices.  Among  the  nu¬ 
merous  works  devoted  to  the  acoustical  proper¬ 


ties  of  infinite  and  semi-infinite  superlattices  we 
must  mention  the  studies  on  bulk  and  surface 
waves  in  piezoelectric  CdS-ZnO  systems  [5-11]. 
In  these  studies,  the  dispersion  equations  have 
been  obtained  and  investigated  using  different 
mathematical  approaches,  namely,  the  transfer 
matrix  method  [1,5],  Green’s  function  method 
[2,6,7],  and  Hamiltonian  system  formalism  [8-1 1] 
(see  also  the  reviews  [1-3,12]). 

This  paper  has  the  aim  to  present  detailed 
computer  simulation  study  of  dispersion  equa¬ 
tions  for  shear  horizontal  modes,  propagating  in 
systems  consisting  of  a  superlattice  and  an  addi¬ 
tional  layer.  This  layer  that  modifies  the  acousti¬ 
cal  properties  of  superlattice  may  be  considered 
either  as  a  technological  planar  defect  or  as  an 
artificial  piezoelectric  or  metallic  coating. 
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2.  Dispersion  equations 

2.1.  Field  representation  within  superlattice 

We  assume  that  the  superlattice  occupies  the 
semi-infmite  region  X2  >  0  and  is  formed  by  the 
repetition  of  a  unit  cell  of  thickness  h,  consisting 
of  R  piezoelectric  layers  with  thicknesses  hp 
h  =  hi+h2+...+hj^,  R>2.  The  additional  layer  of 
thickness  /iq  is  bonded  to  superlattice  along  the 
plane  Xj  =  0  and  is  contiguous  to  vacuum  along 
the  plane  X2  =  -h^.  The  superlattice  layers  are  of 
hexagonal  symmetry  belonging  to  the  6mm  class 
with  their  sixth-order  symmetry  axis  along  the  X3 
axis  of  a  reference  orthonormal  coordinate  sys¬ 
tem;  the  superlattice  axis,  perpendicular  to  the 
layers,  is  along  X2  and  the  propagation  wavevec- 
tor  k,  parallel  to  the  layers,  is  along  x,.  In  this 
particular  geometry,  the  transverse  vibration 
(parallel  to  X3),  in  which  we  are  interested  here,  is 
accompanied  by  an  electric  potential  and  decou¬ 
ples  from  pure  elastic  sagittal  vibrations  (polar¬ 
ized  in  the  x,X2  plane).  It  can  be  shown  [13]  that, 
if  we  seek  the  simultaneous  solutions  of  electroe- 
lastodynamics  equations  for  transverse  vibration 
within  superlattice  in  the  fonn 

{T),(x,,X2,0,CT23(^1’^2’0>9(^1.^2’0>“3(^1.^2>^)}  = 

(1) 

where  D2,  CT23,  9,  and  are  the  normal  compo¬ 
nent  of  electric  displacement,  the  stress  compo¬ 
nent,  the  electric  potential  and  the  displacement 
vector  component,  respectively,  then  for  detenni- 
nation  of  column  vectors  q  =  col(^i,^2) 
p  =  col(p,,p2)  we  obtain  /j-periodic  Hamiltonian 
system  of  linear  differential  equations 


electric  characteristics  of  the  superlattices,  respec¬ 
tively,  k  is  the  wavenumber,  to  is  the  circular  fre¬ 
quency.  Here,  the  superlattice  characteristics  are 
assumed  to  be  arbitrary,  absolutely  integrable, 
periodic  functions 

p(X2)  =  p(X2  +  h),  Cjfxf)  ^  C.j(X2  +  h),  (5) 

e,y(^2)  =  ^1/(^2  +  GyfXj)  ==  Sij{X2  +  h). 

The  surface  wave  solution  of  system  (2)  for 
the  n-th  unit  cell  (n  -  \)h  <X2<nh  can  be  repre¬ 
sented  [1 1,13]  as 


q(x2  +  nh-  h) 
p(x2  +nh~  h) 


=  XA>,”U(x2)Y„ 


0<X2<h,  |kJ  <  1,  «  =  1,2,3,..., 


where  Kj  are  the  unknown  coefficients,  U(x2)  is  a 
matrixant  of  system  (2),  i.e.  the  fundamental  ma¬ 
trix  satisfying  the  condition  U(0)=£  (E  is  the  4x4 
unit  matrix),  K/  and  Y/  are  eigenvalues  and  their 
corresponding  eigenvectors  of  the  monodromy 
matrix  U(/i).  According  to  Lyapunov-Poincare 
theorem  [14],  the  characteristic  equation  of  the 
monodromy  matrix  has  the  form 

+  a^K^  +a2K^  +a^K  + I  =  0. 

Equation  (7)  admits  reciprocal  roots  and 
upon  substitution  by  k+k’'=27i  is  reduced  to 
equations 

-  IbjK  -1-1=0, 

f  2 

a,  a, 

2^-2  =  -y-(-iy  ^-2^2  +  2  ,  7  =  1,2. 


A.rq 

dX2  p 


,  A(X2)  = 


0  Q(X2) 

-P(X2)  0 


with  Hamilton  function 


//(X2,  q,  p)  =  [q’’’  P(X2)  q  -I-  p''’  Q(x2)  p]/2.  0) 

The  symmetrical  matrices-functions  Q(x2) 
and  P(x2)  have  the  following  structure 


0(^2)  = 


-Zil(x2)k^  ex${x2)k^ 

^15(^2)*^  <244(^2)  -  P(^2)“^ 


P  .  ^  C44(x2)<7(x2)  -e^^(x2)d{x2) 

y-exfx2)d{x2)  -Vd^pxp 

C^^Xj}  =  C44(X2)  +  [ei5(X2)]VEn(X2), 
4X2)=  1/[8,i(X2)C44(X2)], 


where  c,y(x2)_  eJxj)  and  the  mass 

density,  the  elastic,  the  piezoelectric  and  the  di- 


Among  the  four  eigenvalues  K/  associated  to  a 
given  CO  and  k  only  two  may  have  their  moduli 
less  than  unity  to  ensure  the  decrease  of  the  wave 
amplitude  with  increasing  distance  into  the  super¬ 
lattice.  It  is  just  these  eigenvalues  that  are  used  in 
the  solution  representation  (6). 

In  the  most  general  case  of  arbitrary  peri¬ 
odicity  along  X2  direction,  the  matrixant  U(x2)  is 
constructed  either  with  the  use  of  numerical 
methods  (for  every  value  of  frequency  and 
wavenumber  it  is  necessary  to  solve  four  Cauchy 
problems  for  the  set  (2)  on  the  interval  0  <  X2  <  h), 
or  on  the  basis  of  its  representation  in  the  form  of 
converging  matrix  series  [12,15].  For  superlat¬ 
tices  with  properties  described  by  piecewise-con- 
stant  functions  (5),  the  matrixant  may  be  written 
in  analytical  form  [13]. 

The  acoustical  field  (6)  in  the  superlattice 
should  satisfy  the  boundary  conditions  at  the  in- 
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terface  ^2  =  0  between  the  superlattice  and  the  ad¬ 
ditional  film.  We  shall  distinguish  two  types  of 
boundary  conditions  depending  on  whether  the 
film  is  of  piezoelectric  or  metallic  material. 


where  C^  =  cosh(fc/io),  Cj  =  Cs(Qo^io), 

5,  =  sinh(fc/io),  •S'2  =  Ss(floAo). 

For  the  second  case,  when  the  boundary  condi¬ 
tions  ej^ress  the  vanishing  of  the  normal  stress  at 


2. 2.  A  dditional  piezoelectric  layer  ”^1 1,0 

When  the  additional  layer  is  of  pie-  04  ^1 

zoelectric  homogeneous  material  with  a^(C2  -  Cj) 
the  same  6mm  symmetry  as  the  super-  _j 
lattice  layers,  the  solution  of  set  (2)  can  ~ 

be  represented  in  the  form  [13]  aj'ojSj 


0 

0 

0 

y(l) 

yO) 

0 

YoaiO^'Sj-OjS, 

y(2) 

ym 

“Y0®<'l“'2''^2 

C2-C1 

y(3) 

y(^> 

®2*^2 

y(4) 

““2*^2 

MqCXj)  = 

'a^  cosh(Ay)  0  a4  sinh(Ary)  0 
a3  cosh(/^)  aj  Cs(fioV)  aj  sinh(Ay) 
sinh(/^)  02  SsfOoV)  cosh(^)  a2Cs(noV) 
0  Ss(fV)  0  Cs(QoV) 


04  -  -^1 1^0’ 


.  2  -1  , 
^440  =  ^44^0  +  ^15,0^1 1,0» 


the  surface  and  the  continuity  of  the  normal  dec- 
tric  displacement  and  the  electric  potential,  we 
have 

|K,1<1,  |K2|<1,  (10) 

where  Cq  is  the  dielectric  permittivity  of  vacuum. 

2. 3.  A  dditional  metallic  layer 

When  the  additional  layer  is  of  isotropic  me¬ 
tallic  material,  the  solution  of  motion  equations 
can  be  represented  in  the  form  [16] 


[Yo;Ss(-);  Cs{-)]  = 


[-1 ;  sin(-);  cos(-)],  >  I? , 

[+1;  sinh(-);  cosh(-)],  Po^^'^44,0  < 


where 


=  Z.;„(jc2)Ao  exp(/Ax,  -  JO)/), 


_\d„cs(ci^)  yj^sxn^) 


col[q()C2);  pfxj)]  =  IVifl()C2)Bo,  (8) 

where 

The  unknown  coefficients  and  of  (6) 
and  (8)  can  be  determined,  except  for  a  multipli¬ 
cative  factor,  by  using  the  boundary  conditions 
at  Xj  =  0  and  X2  =  -h^.  The  usual  interface  condi¬ 
tions  expressing  the  continuity  of  the  mechanical 
displacement,  the  normal  stress,  the  normal  elec¬ 
tric  displacement  and  the  potential  are  assumed 
to  be  fulfilled  at  X2  =  0.  We  suppose  that  the  free 
surface  X2  =  -/iq  is  either  metallized  or  non-met- 
allized.  For  the  first  case,  when  the  boundary 
conditions  express  the  vanishing  of  the  stress  and 
of  the  electric  potential  at  the  surface,  we  obtain 
the  dispersion  equation 


S*(£V)  CKfV)  ] 

Ao  =  COlMo^*^;.4o^^^,  >'=X2  +  Ao.  ^l,  =  ^44,m''p 

7-7  2  -2 


[Yot>  O’  *01  |j4.j.  sjjj|(.).  cosh(-)l,  (Si\~^<l^. 

Satisfying  the  boundary  conditions  at  X2  =  0 
and  X2  =  -/Jq.  we  can  write  the  dispersion  equa¬ 
tion  for  the  surface  modes  as 

Y„rf„S*(n^o)  ^2'^  (12) 

0  =0, 

cs(flA)  ^2^ 

|k:iI<1.  N<1> 

The  dispersion  equations  (9),(10),  and  (12), 
derived  in  this  section,  represent  the  implicit  rela¬ 
tions  between  the  frequency  ©  and  wave  number 
k  and  are  valid  for  any  relative  value  of  the  wave¬ 
length  as  compared  to  the  period  h  of  the  super¬ 
lattice  (assuming  that  we  remain  in  the  range  of 


©V2-*^ 


Ip-  - 


[-1;  sin(0;  cos(-)], 


-tn 

“■1(^2  “  ^1) 

(X2S2  -  aiO^^S, 


y(l)  yO) 


7o®*'1'^2  ~  “'2®3'^1 
^*'2(^2  ~  ^1) 

|Ki|  <  1,  iKjl  <  1, 
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Fig.l.  Bulk  bands  (shaded  areas)  and  surface  wave 
dispersion  curves  (solid  lines)  for  a  CdS-ZnO  super¬ 
lattice  with  /i|(ZnO)/A2(CdS)  =  3/7  and  additional 
layer  of  thickness  /!g(CdS)  =  (the  case  of  perfect 
superlattice  [8-1 1]). 

the  elasticity  theory  where  the  atomic  character  of 
the  vibrations  does  not  play  a  role  [5]). 

3.  Computer  results  and  discussion 

In  this  section  we  present  a  few  illustrations  of 
the  dispersion  curves  of  the  surface  waves  in  a 
CdS-ZnO  superlattice  and  discuss  their  behav¬ 
iour  as  functions  of  the  nature  and  thickness  of 
the  additional  layer. 

Fig.l  shows  the  bulk  bands  and  the  surface 
modes  for  the  perfect  superlattice  when  the  super¬ 
lattice  is  terminated  by  ZnO  layer,  the  additional 
layer  is  of  CdS  and  has  the  same  thickness  as  in 
the  superlattice  bulk.  Here  we  assumed  that  the 
free  surface  is  metallized  and  thus  used  the  equa¬ 
tion  (9)  at  /ig  =  /ij.  For  a  non-metallized  surface 
V2  =  -/ig,  when  the  equation  (10)  has  to  be  taken, 
the  results  for  surface  modes  are  slightly  different 
but  cannot  be  distinguished  from  the  preceding 
ones  at  the  scale  of  the  figure  [5,9,11].  The 
straight  lines  v(CdS)  and  v(ZnO)  correspond  to 
the  shear  wave  velocity  in  CdS  and  ZnO,  respec¬ 
tively.  The  dimensionless  quantities  k*=kh  and 
CO*  =  (B/i(pQ/cg)'''2  are  used  on  both  axes, 
Po=  3-10-^  kg/m^,  Cg  =  10'°N/m^.  Here,  as  in  the 
case  of  pure  elastic  shear  waves  [17-21],  werecog- 
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Fig.2.  The  lowest  surface  mode  at  the  different  values 
of  the  thickness  AgfCdS):  Ag/Aj  =  1  /2  (dotted  curve), 
4/7,  5/7  (dashed  curves),  1  (solid  curve),  8/7  (dashed 
curves).  As  functions  of  Ag,  all  dispersion  curves  are 
arranged  in  a  decreasing  order. 

nize  two  kinds  of  critical  points;  the  points  at 
which  the  bulk  band  boundaries  intersect  (indi¬ 
cated  by  A)  and  the  points  at  which  lower  band 
boundary  and  the  fast  velocity  line  meet  (indi¬ 
cated  by  B). 

Figs.  2-5  represent  the  different  types  of  sur¬ 
face  wave  behaviour  occuring  for  the  first  two 
branches  of  the  imperfect  superlattice  when  the 
additional  layer  is  of  CdS  as  in  Fig.  1,  but  has  a 
different  value  of  the  thickness  Ag.  The  free  sur¬ 
face  remains  to  be  metallized.  At  Ag  >  A2/2,  the 
lowest  surface  mode  (Fig.2)  exists  for  all  values  of 
k  and  co  below  the  bulk  bands.  In  Fig.2,  the  par¬ 
ticular  range  of  k  and  co  is  chosen  on  an  enlarged 
scale  for  clarity.  Figs.3-5  illustrate  the  variations 
of  the  second  surface  mode  within  the  first  fre¬ 
quency  gap  at  different  values  of  Ag.  Within  the 
inner  part  of  the  gap  (to  the  left  of  point  A)  this 
mode  exists  only  if  Ag  >  A  2/2.  When  h/2<h,<h„ 
all  dispersion  curves  extend  from  k=0  to  the  point 
A.  At  Ag  >  A2,  the  curves  terminate  on  the  lower 
band  edge,  as  shown  by  the  lowest  curve 
(Ag/A2  =  8/7)  in  the  Fig.3.  Within  the  outer  part  of 
the  gap  (to  the  right  of  point  A)  the  second  mode 
curve  in  Fig.4  starts  in  the  vicinity  of  a  point  B 
and  extends  to  A:  ->  00,  when  Ag  =  A2.  As  the  thick- 
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Fig.3.  Variations  of  the  second  surface  mode  into  the 
left  part  of  the  gap:  hf,lh^  =  1/2  (dotted  curve),  411, 
9/14,  5/7,  6/7,  13/14  (dashed  curves),  1  (solid  curve), 
8/7  (dashed  curve).  All  curves  are  in  a  decreasing 
order  as  functions  of  h^. 

ness  /iq  is  decreased  (/12/2  ^  the  starting 

point  of  the  curve  moves  to  larger  values  of  k  on 
the  band  edge.  At  /Iq>A2^2  (Fig. 4)  and 
0  <  ho  <  h2l2  (Fig.5),  the  dispersion  curves  start 
at  the  point  A.  Some  of  them  terminate  on  the 
upper  bulk  band  edge  at  a  finite  value  of  k,  as 
shown  by  the  top  curve  in  the  Fig.5,  and  some  dp 
not. 

Fig. 6  represents  the  situation  when  the  super¬ 
lattice  (^2  >  0)  is  terminated  by  CdS  layer  and  the 
additional  layer  (-Aq  -^2  of  the  ZnO.  Pre¬ 

viously,  we  have  shown  that  in  the  case  of  perfect 
superlattice  terminated  by  ZnO  layer,  the  disper¬ 
sion  curves  exist  practically  only  between  the 
points  A  and  B  inside  every  gap,  but  these  curves 
are  very  close  to  the  corresponding  bulk  band 
boundaries  [9,1 1].  The  similar  behaviour  is  dem¬ 
onstrated  by  the  considered  system  when  the  ad¬ 
ditional  ZnO  layer  has  the  thickness  Aq  >  ^2/2.  as 
shown  in  the  inset  of  Fig.6.  At  0  <  Aq  <  h^ll,  the 
surface  wave  exists  practically  over  all  frequency 
range  considered  (Fig.6)  and  as  the  additional 
layer  thickness  Aq  approaches  zero,  the  dispersion 
curves  tend  to  those  of  Fig.  1 . 

Figs.7-9  illustrate  the  case  of  additional  me¬ 
tallic  layer  on  the  CdS-ZnO  superlattice  termi¬ 
nated  by  CdS  layer.  One  can  see  from  Fig.7  that 
in  the  case  of  Al  layer  (v(AI)  >  v(ZnO)  >  v(CdS)), 


decreasing  order. 
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Fig.5.  Variations  of  the  second  surface  mode  into  the 
right  part  of  the  gap  at  0  <  Ao(CdS)  <  A2/2; 
*(/*2  dashed  curves  are  in  a  de¬ 

creasing  order  as  functions  of  Aq. 


Functional  materials,  2,  2.  1995 


183 


A.N.Podlipenets  and  L.P. Zinchuk /Surface  shear  modes... 


a* 


Fig. 6.  Existence  of  surface  modes  when  the  addi¬ 
tional  layer  is  of  ZnO  at  /igZ/ij  =  1/6.  As  function  of 
/ip,  the  possible  dispersion  curves  at  other  values  of  /Jq 
(0  <  /ip  <  h^H)  would  be  arranged  in  an  increasing 
order  inside  the  outer  part  of  the  gap  and  below  the 
bulk  bands  whereas  they  would  be  in  a  decreasing 
order  within  the  inner  part  of  the  gap.  In  inset:  the 
same  but  h^lh^  =  2/3,  curves  at  other  values  /ig 
(/ig  >  /ij/l)  would  be  in  increasing  order. 

the  fundamental  surface  mode  is  quasibulk  one 
and  deeply  penetrated  into  the  superlattice  at  the 
sufficiently  large  values  of  additional  layer  thick¬ 
ness  as  shown  in  Figure  for  /1q  =  MS  and  /i/lO  (the 
corresponding  dispersion  curves  are  close  to  the 
bulk  band).  As  Al  layer  thickness  approaches 
zero,  the  dispersion  curve  approaches  to  the  fun¬ 
damental  mode  of  Fig.l  from  above.  In  the  case 
of  Ag  layer  (v(Ag)  <  v(CdS)  <  v(ZnO)),  the  fun¬ 
damental  mode  is  more  localized  one  and  tends  to 
that  of  Fig.l  from  below  with  decreasing  layer 
thickness.  Figs. 8  and  9  show  the  variations  of  the 
second  mode  within  the  frequency  gap.  Within 
the  inner  part  of  the  gap  the  corresponding  dis¬ 
persion  curves  fall  in  the  range  between  the  per¬ 
fect  superlattice  mode  of  Fig.  1  and  the  lower  bulk 
band.  The  curves  start  at  A:  =  0  and  terminate 
either  at  the  the  point  A  (for  Al  layer)  or  on  the 
lower  band  edge  (for  Ag  layer).  Within  the  outer 
part  of  the  gap  the  dispersion  curves  start  either 
at  the  point  A  (for  Ag  layer)  or  on  the  upper  bulk 
band  boundary  above  a  point  B  (for  Al  layer)  and 
extends  to  /:  ->  oo. 

4.  Concluding  remarks 

In  this  paper,  the  long-wavelength  surface 
phonon  (acoustic  shear  wave)  propagation  in  the 
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Fig. 7.  The  lowest  surface  mode  of  a  CdS-ZnO  super¬ 
lattice  with  additional  metallic  layer.  The  curves  near 
bulk  band  are  for  the  case  of  Al  layer:  HqIH  =  1  /5  (dot¬ 
ted)  and  1/10  (dashed).  Solid  line  corresponds  to  the 
surface  mode  of  perfect  superlattice  as  in  Fig.  1 .  The 
dashed  curves  below  it  are  for  the  case  of  Ag  layer: 
Aq//i  =  1/20  and  1/10  (in  a  decreasing  order). 


Fig. 8.  The  second  mode  dispersion  within  the  inner 
part  of  the  gap  when,  from  above  to  below,  /ig  -  0 
(solid  curve),  Ag(AI)//!  =  1/10  (dashed)  and  1/5  (dot¬ 
ted),  /!g(Ag)//)  =  1/20  (dashed)  relatively. 
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Fig.9.  The  second  mode  dispersion  within  the  outer 
part  of  the  gap  when,  from  above  to  below, 
/«j(AI)//i  =  1/5  (dotted  curve)  and  1/10  (dashed), 

Aq  =  0  (solid),  A(,(Ag)//i  =  1/20  and  1/10  (dashed 
curves)  relatively. 

semi-infinite  piezoelectric  superlattice  with  addi¬ 
tional  piezoelectric  or  metallic  layer  has  been  in¬ 
vestigated  within  the  mathematical  formalism  of 
periodic  Hamiltonian  system.  The  dispersion 
equations  have  been  derived  and  corresponding 
dispersion  curves  have  been  calculated  for  the 
CdS-ZnO  superlattice  and  different  additional 
layers.  In  particular  cases  the  obtained  equations 
and  numerical  results  are  transformed  into  out¬ 
comes  of  works  [5-11].  The  small  contradiction 
between  [5]  and  [9,11],  concerning  surface  mode 
existence  in  the  perfect  superlattice  terminated  by 
ZnO  layer  is  explained  by  the  fact  that  the 
authors  of  [5]  limited  themselves  to  the  repre¬ 
sentation  of  dispersion  curves  at  the  scale  of  the 
figures  and  did  not  use  a  very  fine  mesh  to  search 
surface  waves  very  near  to  the  bulk  band  bounda¬ 
ries  [22].  The  existence  of  such  quasibulk  modes 
has  been  again  confirmed  by  this  work  (Fig.6), 
but  it  should  be  agreed  that  these  waves  are  prob¬ 
ably  lass  interesting  than  those  situated  in  the 
middle  of  the  gaps  because  they  penetrate  deeper 
into  the  superlattice  [22]. 

We  have  shown  here  that,  in  any  case,  all  sur¬ 
face  modes  of  perfect  superlattice,  more  or  less 
localised,  are  very  sensitive  to  the  appearing  the 


additional  layer  (as  delect  or  artillcial  coating) 
and  its  nature  and  the  relative  parameters. 
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IIoBepxHOCTHbie  cjiBHroBbie  ivio,abi  b  nbeaoajieKrpHHecKOH 
CBepxpeuieTKe  c  ;ionojiHHTejibHbiivi  cjioeivf 

A.H.  noftiiHneHeu,  Jl.n.SHHwyK 


npeflcraBJicHbi  peaynbraxM  xeoperHHecKHX  HccjieaoBaHHU  cymecxBOBaHHa  noBepxHocxHwx 
(jtoHOHOB  (cflBHXOBbix  Mo/t)  B  CHcxcMe  "nbeaoojicKxpHuecKafl  CBepxpeinexKa  -  aonojiHHxenbHbiH  xohkhh 
CJTOH".  /tonOjXHHXeJIbHblH  CJIOH,  MOan^HUHpyiOIUHH  BOJlHOBbie  CBOHCXBa  CBepXpeUieXKH,  paCCMaxpH- 
BaexcH  KBK  njiocKHH  ae(t)eKX  hjih  nbexooncKxpHMecKoe  (MexajiiiHHecKoe)  noKpwxHe.  OpeflnojiaraexcH, 
Hxo  cBepxpeuiexKa  o6pa30BaHa  zmyMfl  (hjih  6ojibuie)  paajiHUHbiMH  MaxepnaJiaMH  h  hmccx  reoMexpHio, 
npH  KoxopoH  cymecxByiox  BOJiHbi  BjnocxeiiHa-ryjiJieBa  b  aa^aHe  c  oahoh  noBepxHocxbio.  Haynaexca 
pacnpocxpaHCHHe  flJiHHHOBOJiHOBbix  ({JOHOHOB  flJiH  cjiynaH,  Korfla  Bce  cjioh  paccMaxpHBaioxca  kbk 
ynpyxHe  cniiouiHbie  cpeabi.  /(HcnepcHOHHbie  ypaBHCHHH  nojiyuenbi  c  noMoutbio'  MaxeMaxHuecKoro 
(j)opMaJiH3Ma  nepiioflHMecKHX  raMHJibxoHOBbix  CHcxeM.  CooxHoineHHa  fljisi  noBepxHocxHbix  uoa  hc- 
cjieayioxcB  b  aaBuciiMocxH  ox  npiipoabi  h  oxHOCHxejibHbix  napaMexpoB  flonojiHHxenbHOH  hjichkh. 
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Light  scattering  on  the  surface  superlattices  in 
ferromagnetic  semiconductors  produced 
by  coherent  light  beams 


A.Yu.Semchuk 


Institute  for  Surface  Chemistry,  National  Academy  of  Sciences  of  Ukraine, 

31  Nauki  Ave.,  252028  Kiev,  Ukraine 

Effect  of  surface  superlattice  of  electron  density  on  the  light  propagation  in  the  ferromagnetic 
semiconductors  (FMSC)  is  studied.  A  wide-gap  FMSC  of  EuO-type  under  constant  electric  field  in  the 
spin-wave  temperature  range  is  considered.  The  nonequilibrium  state  in  FMSC  is  created  by  an 
external  field.  Phonons  serve  as  a  thermostat.  Under  such  conditions,  the  action  of  CLBs  give  rise  to 
the  formation  of  surface  superlattices  in  FMSC  with  certain  concentration  of  electrons,  d^ric  field 
strength,  electron  and  magnon  temperatures.  The  light  reflection  coefficient  for  a  FMSC  with  surface 
superlattices  is  determined.  It  is  also  shown  that,  by  varying  the  magnitude  of  an  external  electric  fidd, 
one  can  decrease  this  coefficient,  i.e.  make  FMSC  "antirefractive",  as  well  as  increase  it  up  to  the  case 
of  total  reflection. 


,Zlocjiin)KeHo  BnjiHB  noBepxneBoi  HaApemiTKH  eneiopoHHOi  rycTHHH  na  posnoBOOflXceHHfl  cBixna  y 
(i)eppoMarHiTHHx  HaflnpoBiflHHKax  (OMHII).  PosrmmyTo  uiHpoKomiJiHHHHii  (DMHII  b  nocriftnoMy 
ejicKTpHHHOMy  nojii  i  b  xeMnepaxypHOMy  fl:i  anaaoni  cniHOBo'i  xbhjii.  HepiBHOBaxcHHii  cxan  b  <l>MHn 
cxBopioexbca  soBuiuiHiM  nojieM.  TepMocxaxoM  e  (JxaHOHH.  B  uhx  yMOBax  biuihb  KorepenxHHX  CBixjio- 
bhx  nyHKiB  BHKJiHKae  yxBopeHHB  b  OMHIT  noBepxHCBHX  naflpeuiixoK  3  neBHOio  KOHiteHxpaitieio 
ejieKxponiB,  HanpyjKenicxio  ejieKxpHMHoro  noJia,  ejieicxpoHHoio  xa  MarHOHHoio  xeMnepaxypawH. 
BH3HaMeHO  Koe4)iuieHX  BwbHxxa  csixjia  flJM  OMHII  3  noBepxneBHMH  HaapeuiincaMH.  IIoKaaaHO 
xaKOK,  mo,  aMiHroioMH  nanpyxceHicTb  aoBHiuiHboro  eneKxpHHHoro  nojia,  MO}KHa  aMenuiHXH  uefi 
KoediiuieHX,  xo6xo  neperBopnxH  OMHII  b  "HeBiflbHBaroHHH",  a  xaKoxc  36ijn>uiHXH  Horo  ^to  BHnam^y 


noBHoro  Bm6HTTB. 

1.  Introduction 

During  the  last  few  years  the  semiconductors 
with  spatial  periodic  structures  (superlattices) 
have  been  a  subject  of  intensive  studies.  Firstly,  in 
connection  with  the  appearance  of  high-power 
nano-  and  picosecond  lasers  as  well  as  corre¬ 
sponding  recording  facilities,  experimental  stud¬ 
ies  of  such  structures  have  considerably  grown. 
Secondly,  there  has  been  a  significant  increase  of 
interest  in  different  spatial  periodic  structures  in 
view  dj- intensive  development  of  electronics,  ho¬ 
lography  and  semiconductor  technology.  The 
FMSC  with  surface  Superlattices  of  nonequili¬ 
brium  electrons  and  magnons  may  become  ob¬ 
jects  which  completely  meet  the  needs. 
Superlattices  in  FMSC  can  be  formed  using 


CLBs.  Such  FMSCs  with  superlattices  of  non¬ 
equilibrium  electrons  and  magnons  were  de¬ 
scribed  for  the  first  time  in  [1,2].  The  electrical 
conduction  and  refractive  index  of  such  FMSCs 
were  studied  in  [3-6]. 

In  this  work,  we  consider  the  influence  of  a 
surface  superlattice  of  electron  density  on  the 
light  propagation  in  FMSC.  We  have  determined 
the  light  reflection  coefficient  for  a  surface  of 
FMSC  with  a  superlattice.  It  is  also  shown  that 
varying  the  magnitude  of  an  external  electric  field 
one  can  decrease  the  light  reflection  coefficient, 
i.e.  make  FMSC  ''antirefractive",  as  well  as  in¬ 
crease  that  coefficient  until  the  total  reflection  oc¬ 
curs. 
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2.  FMSC  with  a  surface 
superlattices 

Let  us  consider  a  wide-gap  FMSC  of  EuO 
type  with  mean  carrier  density  «q  in  an  external 
constant  electric  field  Eq  ||  OZ  and  in  the  spin- 
wave  temperature  range.  Let  several  CLB  be  inci¬ 
dent  on  the  outer  surface  x  =  0  of  the  FMSC,  the 
vector-potential  of  the  beam  in  the  material  is 
given  as: 

0  =  S  4  cosfcot  -  y  -  (pp 
and  its  frequency  co  satisfying  the  inequality 
s  «h  CO  «  (e  is  the  mean  carrier  energy,  is 
the  energy-gap  width).  Therefore,  the  CLB  does 
not  change  the  total  number  of  carriers  and  only 
causes  their  spatial  redistribution. 

A  non-equilibrium  state  in  the  electron-mag- 
non  system  of  the  FMSC  is  produced  both  by 
heating-up  electrons  by  the  external  constant 
electric  field  Eq  and  as  a  result  of  absorption  of 
light  quanta  by  free  carriers,  followed  by  energy 
transfer  from  electrons  to  magnons. 

There  are  phonons  which  play  the  role  of  a 
thermostat.  Under  such  conditions,  as  was  shown 
in  [1,2],  the  CLB  gives  rise  to  the  formation  of 
surface  superlattices  in  the  FMSC  with  electron 
concentration  n,  electric  field  strength  F,  electron 
and  magnon  0^  effective  temperatures,  which 
at  Aj  1  Fq  and  in  the  case  of  incidence  on  a  FMSC 
surface  of  only  two  symmetrically  oriented  beams 
with  A ,  \\A2,  =  k2x,  k^^  =  -k22,  are  described 

by  the  following  expression 

n(z)  =  =  Wo(l  -(-  cos2fcj^  -t-  sin2fcj^),  (2) 

=  Fq+  Fj(z)  =  £0(1  -I-  cos2^j/  -I-  Q2  sialkyf), 

=  2’e  +  Ti(z)  =  T^H  -I-  Tlo  +  qiCOSlii/  -I-  TljSinlATj/), 
®m(^)  =  +  ^2(^)  =  +  Mo  +  ftiCOs2A:i^  -I-  fi2Sin2A:i^) 

The  temperatures  T^,  in  the  field  Eq  are 
determined  by  a  familiar  technique  [7]  and  will  be 
further  regarded  as  known  quantities.  The  ampli¬ 
tudes  Qj,  q,-,  pi,,  depend  on  .4,,  A 2,  Eq,  and 
FMSC  parameters;  the  method  of  their  calcula¬ 
tion  is  given  in  [1]  in  a  general  form.  We  present 
here  only  the  expression  for  amplitudes  and  ^2 
since,  as  will  be  seen  from  subsequent  calcula¬ 
tions,  there  are  just  those  which  define  the  proc¬ 
esses  of  wave  diffraction  and  scattering  in  FMSC 
with  a  surface  superlattice.  Neglecting  small 

terms  of  the  order  of  co)''^  or  co)'^, 

we  obtain  for  and  %2  the  following  expression 


~  (a+l)2  +  p2  I  2  "li  P(«+l)02  +  2P  P,  + 


+  2p(a  +  1)|J2 


(a+1)^  -I-  f 


iB\\ 


,  rr  ^  M  a  -I- 1 
{TiT^/ha,)  -  -y 


2-02 


-  2p(a+l)pj  -  2P(a-(-l)Pi  2|3^P2  ■ 


P  fi  a+1  ,  rr  /ti  ill 


where 


“  = - 5 — .  P  =  ■ 


4eAiA2 

3pmc%’ 


Eq  is  the  permittivity  of  FMSC,  m  is  the  electron 
effective  mass. 

Let  us  suppose,  as  in  [1,2],  the  following  in¬ 
equalities  take  place: 

1)  eAj  «  c(ha)m)''^,  j  =  1,2;  2)  the  recipropal 
wave  vector  exceeds  considerably  the  value  of 
de  Broglie  wavelength  of  electrons,  remaining  at 
the  same  time  significantly  less  than  the  linear 
dimension  of  FMSC,  Xj^  «L. 

Fulfilment  of  these  inequalitities  enables  us  to 
take  into  account  the  effect  of  HF-field  of  CLBs  in 
terms  of  the  perturbation  theory  and  to  consider  the 
values  «],  T^,  T2,  F^  as  small  additions  to  /Iq,  T^, 
r„,  Eq.  We  consider  "classical"  superlattices  assum¬ 
ing  that  the  electron  dispersion  law  z(p)  and  elec¬ 
tron  momentum  relaxation  time  x^"'(e)  are  the  same 
as  those  of  homogeneous  FMSC. 


3.  Light  scattering  in  FMSC  with  a 
surface  superlattice 

Now,  let  a  trial  wave  comes  from  vacuum  to 
the  FMSC  surface  jc  =  0.  Its  electric  field  can  be 
described  as 

E  =  E{x,  z)  exp(-/coO.  (4) 

Then  we  shall  search  a  solution  of  (6)  in  the  fol¬ 
lowing  form 

E{x,  z)  =  0{z)  exp(-/A:^),  (5) 

where  <P(z)  is  determined  from  the  equation 

^  =  ai(^*exp(2/A:,^)  +  ^  exp(-2/^i/))d). 

(6) 

Since,  as  we  supposed  above,  ||| «  1,  then,  to  obtain 
a  solution  of  (6),  one  can  use  the  usual  perturbation 
theory.  Although  for  the  Bragg  resonance  region, 
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when  5^  =  0),  which  we  are  now  in¬ 

terested  in,  this  theory  is  unacceptible.  To  solve  this 
problem  we  use  the  theory  developed  in  [8-10].  For 
this  purpose,  let  us  present  (I)(z)  as  the  sum 

(D(z)  =  X  1^1 

/  (7) 

+  Bi  exp  I  -/■  [(2/  -I- 1)  -  5]||, 


where  a/  =  (toj/c^) -i- - (eq  - 

C^  =  c\l?^+u^\  =  +  4 

The  light  reflection  coefficient  |/?ol^.  from  the 
FMSC  outer  surface,  z  =  0,  and  direct  wave  am¬ 
plitude  Aq  are  determined  by  the  boundary  condi¬ 
tions  for  this  surface.  The  calculation  gives  the 
following  expression  for  the  reflection  coefficient 


where  8  ->  0  is  the  small  parameter  to  be  deter¬ 
mined.  If,  as  we  assumed  above,  the  inequality 
(a^/k^^)«l  is  fulfilled,  then  one  can  put  in  (7) 
only  the  terms  with  /  =  0,  i.e.  use  two-wave  ap¬ 
proximation,  as  it  was  done  in  [8-10].  In  this  way 
we  obtain  for  0(2)  the  expression 

a)(z)  =  .do  exp[/(/:i2  +  8)z]  +  Bq  exp[-/(fci^  -  5)z] .  (8) 

Substituting  (8)  into  (6)  and  equating  coefficients 
for  similar  exponential  functions,  we  obtain  the 
following  set  of  two  homogeneous  equations  in 
the  amplitudes  Aq  and  Bq 

4)^]^0  ~  '^2)  ^0-^ 

8)2  -h  (*,,+  A,)2]  5o  -  a, (4,-  «^2)  Ao  =  0. 

Equating  the  determinant  of  this  set  to  zero,  we 
obtain  that 

8  =  ±((A*)2-a?(x»2+|^)/44)^ 
and  the  amplitude  ratio  B(/^o  being  equal  to 

Ao~  ""2A:i^(Afc-i-8)  ai(|i-/^2)’  (H) 

It  should  be  noted  that  the  sign  in  (10)  is  deter¬ 
mined  by  natural  conditions  of  an  energy  flow 
direction  and  finiteness  of  the  solution  at  z  ->  0. 

Thus,  for  example,  if  (Afc)^<  a^(^,  + 
then  the  fmiteness  of  the  solution  unambigously 
demand  8  >  0.  As  follows  from  (10)  and  (11), 
=  1,  and  the  waves  propagating  have  equal 
amplitudes  both  in  positive  and  negative  direc¬ 
tions.  For  real  8  we  have  always  \R^\  <  1. 

Now,  let  us  consider  calculations  of  a  light 
reflection  coefficient  on  the  surface  z  =  0  of 
FMSC  with  a  superlattice.  Making  use  of  (10) 
and  (1 1)  and  keeping  in  mind  that  we  treat  reso¬ 
nant  situation  by  taking  into  account  the  re¬ 
flected  wave,  we  can  determine  the  electric  field 
for  the  incident  wave  in  vacuum  as 

£(r,  t)  =  £^°^exp  |  i  (k^  +  u^z)^  + 

-t-  /?o  exp  I  /■  (k^  -  «jZ)J  j  exp  (-/Ot),  ^ 


|Bol^=  (14) 

^  (^1,-  uf+  (fc„+  uJ^\Rf  -  (A:, 2-  u,h{R,+  R^) 
(^„+  uf+  (Ar„-  uf\Rf  -  (kl-  «/)(4-h  B/) 


^  ____3 _ £(0) 

0  S,  +  k,,  +  (S,-ki,)R, 

Now,  let  us  analyse  the  result  obtained  above. 
As  it  follows  from  (11)-(13)  the  reflection  coeffi¬ 
cient  magnitude  IAqP  depends  substantially  on  the 
A^  and  8  values.  For  example,  if,  at  given  the 
parameter  8  becomes  purely  imaginary,  then,  ac¬ 
cording  to  (11),  \RJi  =  1  and,  as  follows  from  (14), 
IAqI  =  1.  Thus,  near  to  the  Bragg  resonance,  where  8 
becomes  purely  imaginary,  we  have  in  fact  a  total 
reflection  and  electromagnetic  waves  does  not  pene¬ 
trate  into  FMSC.  When  deviating  from  resonance 
(for  example,  with  increasing  A^.  or,  at  fixed  A^.,  with 
decreasing  (5f  +  ?i)),  the  magnitude  of  8  may  pass 
through  8  =  0  becoming  real.  For  this  case  it  is 
convenient  to  rewrite  (14)  as 

l^oP=  (16) 

2^1z(«z  +  -  4^z8«z  -  °^l(*lz  -  “^^1 

2*iz(«z  +  ^)4  +  4A:?>^  -  ai(*?^  -  ul)^^ 


It  follows  from  (16)  that,  with  increasing  A*,  (or 
decreasing  |^||  with  increasing  Eq),  the  reflection 
coefficient  tends  to  |Ao|J  =  ((ki^  -  u^)/ (k\^  +  ti^ 
which  is  the  value  for  homogeneous  (not  irradi¬ 
ated  by  CLBs  (FMSC.  Hence,  since  ^ 
pend  on  by  varying  Eq  at  fixed  one  may 
vary  |Aol^  from  1  to  the  limiting  value  \Rq\1.  It 
should  be  noted  that  the  value  of  |AoP  depends 
not  only  on  Eq  and  the  magnitude  of  A/^,  but  also 
on  the  sign  of  A)^.  If  A)^  and  4  same 

signs,  \Rq\^  reaches  its  minimum  at 


4  = 


a 


1  '‘Iz 


*lz-“i 


(17) 


At  such  value  of  A/^,  electromagnetic  waves 
penetrate  best  into  FMSC.  The  presence  of  a  car- 
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rier  density  superlattice  makes  FMSC,  in  this 
case,  as  it  were,  "antirefractive",  while,  as  we 
could  see  above,  in  another  limiting  case  it  may 
lead  to  almost  total  reflection  of  incident  waves. 
The  same  effects  can  be  obtained  by  varying  am¬ 
plitudes  of  CLBs.  The  effects  described  above 
may  be  used  to  obtain  information  on  the  FMSC 
parameters.  Since,  as  follows  from  (14)  and  (16), 
|i?oP  depends  also  on  the  wave  angle  of  incidence 
(13)  at  the  fixed  frequency  Q,  for  which  the  condi¬ 
tions  of  Bragg  resonance  are  accomplished,  by 
varying  the  incidence  angle  for  the  wave  (12)  one 
can  change  the  reflection  coefficient. 

Conclusion 

Thus,  the  codflcient  of  Ught  reflection  obtained 
in  this  work  for  the  surface  z  =  0  of  FMSC  under 
conditions  of  Bragg  resonance  depends  indirectly 
on  the  values  of  heating  field  Eq,  angle  of  incidence 
of  waves  and  parameters  of  FMSC.  Varying  those 
and  the  value  of  E^,  one  can  decrease  the  reflection 
coefficient,  i.e.  make  FMSC  "antirefractive",  as  well 
as  increase  it,  reaching  the  case  of  almost  total  re¬ 
flection  of  light  from  a  surface  of  FMSC. 

In  contrast  with  usual  (nonferromagnetic) 
semiconductors,  the  effects  described  above  de¬ 
pend  indirectly  and  substantially  on  the  state  of  a 
magnetic  subsystem  of  FMSC.  As  is  seen  from  (3) 
and  (4),  the  amplitudes  of  electron  density  modu¬ 
lation  §1  and  ^2  depend  on  the  magnon  tempera- 
through  the  parameters  p^,  p,  and  P2. 
Therefore,  one  can  govern  the  effect  described 
above  by  varying  the  amplitude  of  magnon  tem¬ 
perature  modulation. 


Now,  let  us  make  some  numerical  evaluations. 
So,  for  example,  assuming  that  nQ=10'^  to  10'®  cm“ 
co=5-10'''  s“',  r=0.5-10“2i  j  ajjj  jjjg  electric  field 
strength  being  of  the  order  of  10^  V/cm  with  the 
values  of  FMSC  parameters  chosen  from  [1 1],  we 
obtain  that  the  maximum  reflection  takes  place  at 
A^>0.001653.  For  homogeneous  (not  irradiated  by 
CLB)  FMSC  =  0.4026,  that  is  sUghtly  more 
than  for  usual  (nonferromagnetic)  semiconductors 
[8].  Thus,  the  effect  described  may  be  observed  un¬ 
der  the  conditions  easily  reached  in  experiments. 

Finally,  the  author  wish  to  thank  Prof. 
P.M.Tomchuk  for  his  interest  in  the  work,  discus¬ 
sion  of  results  and  many  helpful  conversations. 
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CeeTopacceflHHe  Ha  noaepxHocTHbix  ceepxpeuieTKax  b 
4)eppoivfarHHTHbix  CBepxnpoBO,ziHHKax,  C03,aaBaeMbix 
B03,aeHCTBHeM  KOrepeHTHbIX  CBeTOBbIX  nyHKOB 

A.KD.CeMHyK 


HccneaoBaHO  ruhahhc  noBepxHocTHoi}  CBepxpemerKH  oneKxpoHHOH  njioTHocTH  Ha  pacnpocrpaHCHHe 
CBera  b  4>eppoMarHHTHbix  cBepxnpoBOflHHKax  (OMCII).  PaccMorpeH  uiHpoKomeJieBoii  OMCD  b 
nocrosHHOM  ojieiopHHeacoM  none  h  b  TeMneparypnoM  flHanaaoHe  cnHHOBOH  bootm.  HepaBHOBecHoe 
cocTOflHHe  B  d)MCn  coanaerca  BHeumHM  nonein.  TepMocraTOM  oiyacaT  ({)OHOHbi.  B  sthx  ycnoBHax  Boafleii- 
CTBHe  KorepeHTHbix  cBcroBbix  nyuKOB  Bbisbroaer  o6pa30BaHHe  b  OMCII  noBepxHOCTHbix  CBepxpeuieroK  c 
onpeneiieHHOH  KOHneHTpaqHen  oneiopoHOB,  HanpaxceHHocTbio  oJieiopHHecKoro  nojia,  ojicktpohhoh  h 
MarHOHHOH  xeMnqjarypaMH.  Onpenenen  K03(JxJ)HqHeHT  orpaxceHHa  cBera  flJia  OMCII  c  noBepxHOCTHbiMH 
CBepxpeiueTKaMH.  IIoKaaaHO  raicxce,  hto,  HSMCHSia  HanpaaceHHOCTb  BHemnero  sjieKTpHuecKoro  nojia,  moxcho 
yMeHbiiiHTb  3T0T  K03({)(J)HqHeHT,  T.e.  npeBpaxHTb  OMCn  b  "HeorpaxcaiouiHH",  a  xaiOKe  yBejiHHHTb  ero 
BnjioTb  no  cjiyuaa  nomoro  oTpajKeHHa. 
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Simulation  of  the  cratered  destruction  of  a  surface  and 
accompanying  processes 


A.D.Suprun  and  S.Ya. Shevchenko 

T.Shevchenko  Kiev  University,  64  Vladimirskaya  St.,  252601  Kiev,  Ukraine 

In  consequence  of  our  investigations,  the  effect  of  powerful  electromagnetic  pulse  (in  particular, 
laser  one)  upon  a  material  surface,  the  process  of  crater  formation  and  accompanying  process^  were 
managed  to  formulate  adequately  enough  and  relatively  simple  mathematical  alpnthm  of  su^h  Proc¬ 
esses  as  burning  of  plasma  plume,  interaction  of  radiation  with  plume,  which  influences  both  the 
process  of  crater  formation  and  the  dynamics  of  plume  itself,  excitation  of  intensive  shock  wave 
Lstic  nature  in  the  bulk  material,  which  can  stimulate  the  destructions  in  the  material  volume  and,  in 
turn  influences  on  the  quality  of  the  crater  fomed.  These  algorithms  were  also  performed  part  y  by 
numerical  and  analytical  methods.  An  unexpected  result  was  obtained  It  was 
interaction  always  essentially  influences  on  the  development  of  both  the  plasma  plume  and  the  uirro- 
sive  crater  and  it  should  not  be  neglect  even  in  the  case  of  extra  short  pulses,  when  the  pulse  was 
believed  to  have  no  time  to  interact  with  radiation. 

B  peayjibTaTi  nauinx  flocjiifl)KeHb  Bflanocb  c(})opMyjiiOBaTH  flocraxHbo  afleKBaxHHH  peanbiioeri  i 
BianocHo  npoCTHH  MaxeMaxHHHHH  ajiropnxM  x'bkhx  npoueciB  hk  flia  noxyxcHoro  ejieKxpoMarnixHoro 
iMnyabcy  (aoKpeMa  aaaepnoro)  na  noBepxmo  Maxepiaay,  npoqec  naaepnoro  c^pMyBaHHfl  Kpaxepa  i 
cvnvxHi  ubOMy  npoqecH:  ropinna  nnaaMCHHO-KopoaiiiHoro  ijiaKejia,  BsaeMOflia  BHnpoMimoBaHHa  . 
(baKeaoM,  ana  Bnansae  aK  na  npouec  diopMyBaHHa  Kpaxepa,  xaK  i  na  flHnaMiKy  caMoro  (JiaKejia, 
36y.a5KeHHa  iHxeHCHBHoi  yaapHOi  xanai  npyacHoi  npupo^H  b  o6’eMi  Maxepiaay,  axe  Moace  ciHMyaK)- 
BaxH  o6-eMHi  pyAnyBaHHa  i,  b  cboio  aepry,  BnaHBaxn  na  axicxb  yxBopenoro  Kpaxepa.  Bflaaocb  xaKo* 
i  aaCTKOBO  peaiiisyBaxH  ix  MHceabHO-aHajiixHHHHMH  MexonaMH.  Opn  ubOMy  onpasy  6yao  onepacaiio 
Henepen6aHeHHH  pesyabxax.  BnaBHaocb,  mo  BsaeMoaia  sae^du  cyxxeao  BnauBae  na  poxBHXOK 
naasMCHHoro  (baxena  i  xopoainoHoro  Kpaxepa  i  snexxyBaxn  neio  He  Moacna  naBixb  y  BHnanxy 
eiooxHHHO  KopoxKHX  iMnyabciB,  Koan,  ax  BBaacaaocb,  iMnyabc  npocxo  ne  BCXHxae  npoB3aKMo;uaxH  i 
BHnpoMimoBaHHaM. 


The  cratered  destruction  of  a  surface  is  always 
a  result  of  heavy  and/or  local  attack  on  it.  This 
attack  may  be  of  different  nature  including  a  me¬ 
chanical  impact.  The  attack  of  powerful  electro¬ 
magnetic  laser  pulse  on  a  material  surface  is  the 
most  interesting  for  numerous  practical  purposes. 
It  might  be  well  to  point  out  that  not  only  the 
crater  formation  with  the  use  of  laser  radiation 
but  the  accompanying  processes  are  very  interest¬ 
ing  as  well.  Among  these  processes  are  the 
plasma-corrosion  plume  and  its  application  for 
the  material  spraying  in  deposition  technology: 
the  radiation  interaction  with  the  plume  which 
has  an  influence  upon  the  crater  formation  as  well 
as  on  plume  dynamics;  and  at  last  the  generation 
of  an  elastic  shock  wave  in  the  bulk  material 


which  can  stimulate  the  volume  destruction  and, 
as  a  result,  produces  a  certain  effect  on  the  crater 
quality. 

It  is  important  to  realize  that  taking  into  ac¬ 
count  the  mutual  influence  of  all  these  factors  is 
impossible  by  use  only  experimental  means.  Nu¬ 
merical  and  analytical  simulation  of  the  processes 
which  attend  the  cratered  destruction  of  a  surface 
is  necessary  to  tackle  all  these  problems.  Such 
simulation,  especially  numerical  one,  enables  to 
solve  such  problems  as  prediction  of  the  surface 
alteration  by  powerful  pulse  action  and  even  opti¬ 
mizing  of  these  processes.  High  technologies 
based  on  the  destructive  surface  treatment  have 
need  for  such  simulation  which  is  cheaper  than  a 
real  experimental  investigation. 


Functional  materials,  2,  2,  1995 


191 


A.D.Suprun  and  S.  Ya. Shevchenko  /  The  cratered  destruction 


Relying  on  our  investigations  we  succeeded  in 
de\  eloping  sufficiently  faithful  and  comparatively 
simple  algorithm  of  all  these  processes  and  in  car¬ 
rying  out  their  simulation. 

This  algorithm  involves: 

1.  A  dynamic  equation  for  pressure  (all  func¬ 
tions  and  variables  are  dimensionless  here) 

— -t-rKBP  — -i-kBP  —  = 
dt  ^  dr  ^  dz  (1) 

=  F(r)  g{P)  E(P)  e(T  -  0  e(tP^  -  z), 
where  P  is  pressure;  t  is  time;  r,  z  are  cylindrical 
space  variables;  T,  k,  p,  a,  p  are  known  parame¬ 
ters;  F(/-),  g{P),  E{P)  are  known  functions;  6(x)  = 
1,  if  -v  >  0,  0(.v)  =  0,  if  .V  <  0;  T  is  the  pulse  dura¬ 
tion. 

This  equation  governs  real  spatial  and  time 
dynamics  of  the  plasma-corrosion  plume  in  such 
its  features  as  pressure,  density  and  convection 
\elocity.  The  density  and  convection  velocity  are 
deterinined  by; 

p-P\  v>=rV'^; 

where  T  =  F^T  +  et;E^,ef  are  unit  vectors  of  basic 
cylindrical  coordinate  system. 

2.  Three  further  equations  describe  the  proc¬ 
esses  at  the  condensate-plasma  interface 

dt  df  ^  dr 


.  Kp^r^+iJe(t^-0  + 

+  kP  F(r)  E(Ps)  P^  0(t  - 1)  QlqgiPs)  -  1]; 

where  is  near-surface  pressure;  S  is  crater  form 
function  =  -S:  is  coordinate  of  crater  sur¬ 
face);  tp  is  the  post-duration  time;  gffiPg)  is  a 
known  function  (part  of  radiation  flow  entered 
into  solid); 

p  (3) 

dt  ^  dt  ' 

where  A  is  a  known  parameter; 

F  IPs-(^^]F^-  Ps  (^-  uf\ 

where  Pjf°  is  the  surface  value  of  the  elastic  stress 
tensor;  TPls  a  nonnal-to-surface  vector,  «,•  are  its 
components;  e^-  e^,  are  unit  vectors  of  ba¬ 

sic  coordinate  system;  ^  is  the  value  of  radiation 


flow  near  the  surface  which  is  a  known  function 
of  pressure  F^;  ^  iFis  the  speed  of 

plasma-solid  boundary  moving,  u*= 

2.1.  Equations  (2)  and  (3)  are  related  and  a 
general  solution  can  be  obtained  only  simultane¬ 
ously.  These  two  equations  are  central  for  the 
problem.  Their  simultaneous  solution  gives  the 
boundary  conditions  for  all  other  processes,  in 
particular  for  (1).  By  convention,  (2)  may  be  de¬ 
noted  the  equation  of  surface  firing,  and  (3)  the 
equation  of  crater  fonnation  dynamics.  In  some 
approximations,  when  these  equations  are  inde¬ 
pendent  of  each  other,  they  represent  the  func¬ 
tions  consistent  with  their  names. 

2.2  Eq.  (4)  or,  in  components. 


P  —  P  —  P  4-  Si 
^xx  -^yy  -  \K 


-r  rf.i  ; 

dr  ^  dr 


p  —  p  , 

^2Z  +  ^ 


r^+1  f|  f/+^ 

dr  \  ^  ^  dt 


where 


1  -r  (dS/dr) 


are  the  boundary  conditions  for  the  typical  trans¬ 
port  equation  of  the  elastic  medium.  A  solution 
of  this  equation  under  conditions  (4.1),  (4.2)  may 
describe  the  elastic  shock  wave.  If  the  amplitude 
of  this  wave  exceeds  material  strength  limit  then 
crack-like  damages  will  arise  under  the  crater  in 
the  bulk  material. 

3.  The  solution  of  further  problem  (all  func¬ 
tions  and  variables  are  in  real  dimensions  here) 
containing  differential  equation: 

pc^  =  div[A.grad(7)]-t- 
dt 

+  9^^exp(-fe)0(T- 0; 

and  initial  and  boundary  conditions: 

F(0,  r,  z)  =  Fq;  (5.2) 

^  T  if  ^  o 

T{t,  r.  oo)  =  Tq,  X—  (/,  r,  z^)  ^  0, 

where  p  is  density  of  material;  c  is  its  specific  heat 
capacity;  X  is  its  heat  conductivity;  /c  is  absorption 
coefficient,  allows  to  obtain  assessments  of  the 
threshold  value  of  the  radiation  flow  and  the 
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post-effect  time.  The  destruction  threshold  de¬ 
fines  the  radiation  flow  value  over  which  the  de¬ 
struction  occurs.  The  post-effect  time  is  the  time 
after  pulse  termination  in  which  the  material  de¬ 
struction  is  as  active  as  during  the  pulse. 

There  is  no  need,  to  say  that  presented  algo¬ 
rithms  can  be  realized  only  numerically.  How¬ 
ever,  for  one-dimensional  approximation  and 
with  neglecting  the  interaction  of  radiation  with 
plume,  the  problem  under  consideration  have  se¬ 
ries  of  useful  analytical  solutions.  In  this  approxi¬ 
mation  eqs.  (2)  and  (3)  become  independent. 
Eq.(3)  turns  into  a  simple  equality.  After  its  inte¬ 
gration,  a  satisfactory  assessment  of  the  crater 
depth  can  be  gained  [1].  The  analytical  solution  of 
eq.(2)  can  be  found  under  certain  conditions  [2]. 
In  this  approximation,  the  time-space  dynamics 
of  a  plasma-corrosion  plume  can  be  analyzed  [1] 
relying  on  solution  of  eq.(l).  And  finally,  this  ap¬ 
proximation  gives  the  possibility  to  find,  by  solv¬ 
ing  eqs.  (5.1-3),  a  sufficiently  simple  expression 
for  the  destruction  threshold: 


where  is  a  critical  temperature,  and  for  the 
post-effect  time: 


'  iT,-Tof  1  (T^-Tof 
^  4(r„-ro)"  2  4  in -Tot 


where  is  the  fusion  temperature. 

At  the  present  time,  our  mam  goal  is  to  build 
the  overall  numerical  model  of  processes  men¬ 
tioned  above.  In  this  way,  the  program  simulat¬ 
ing  eq.(2)  was  realized.  Whilst  one-dimensional 


P/Fb 

4 
3 
2 
1 

2  4  6  8  f  =  ln(1  +t/to) 

Fig.l.  For  Al,  flow  intensity  2=  lO"  W/cm^  and 
pulse  duration  t  =  lO  '^s:  1  -  behavior  of  near-sur¬ 
face  pressure  with  interaction  taken  into  considera¬ 
tion;  2  -  the  same  but  without  interaction. 
/y.  =  ln(l  +T/to)',jn  =ln(l  + 

problem  is  solved,  it  nevertheless  accounts  for  ra¬ 
diation-plasma  interaction.  As  this  takes  place, 
an  unexpected  result  was  obtained.  It  turns  out 
that  radiation-  plume  interaction  affects  the 
plasma  plume  Oook  the  figure)  and  corrosion  cra¬ 
ter  development.  Thus,  this  interaction  can  not  be 
neglected  even  for  very  short  pulses. 
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Fig.l.  For  Al,  flow  intensity  Q=  lO"  W/cm^  and 
pulse  duration  r  =  10''^s:  1  -  behavior  of  near-sur- 
face  pressure  with  interaction  taken  into  considera¬ 
tion:  2  -  the  same  but  without  interaction. 
fj  =  ln(l  +  T//(,);yn  =  ln(l  +  tfi^to)- 


Mo;iejiHpoBaHHe  KpaTepoo6pa3Horo  paspyuiCHHa 
noeepxHOCTM  u  conpoeoacjiaiomMx  npoiieccoB 


A.A  Cynpyn,  C..a.IlIeBHeHKO 


B  pesvJibxaTe  uaiuHX  HCcneflOBaunH  yAaJiocb  c^opMyjiHpoBaxb  aocxaxoHHO  aaeKBaxHbiH 
peajibHocTH  H  oxHocHxenbHO  npocxoH  MaxeMaxHuecKHH  anropuxM  xaxux  npoueccoB  kbk  BoaflencxBHe 
moiuhoxo  ajicKxpoMaxHHXHoro  HMnyjibca  (  b  HacxHocxH  jiaaepnoro)  na  noBepxHocxb  Marepuajia. 
npouecc  JiaaepHoro  4)opMHpoBaHHa  xpaxepa  h  conyxcTBytomHe  3XOMy  npoueccbi:  ropcHHC  nJiasMeuHO- 
KO0P03H0HHoro  (haKena,  BsaHMOfleHcxBue  HSJiyueHHSi  c  4)aKenoM,  Koxopoe  BJinaer  xaK  na  npoqecc 
4)opMHpoBaHHa  Kpaxepa,  xaK  h  na  AHHaMHKy  caMoro  (Jjaxena,  BosGyxyteHHe  huxchcmbhoh  yaapHO” 
BOJiHbi  ynpyroH  npHpoflbi  b  o6ieMe  MaxepHana,  Koxopoe  Moxcer  cxHMyjiupoBaxb  o6T.eMHbie  paapy- 
uienna  h,  b  cboio  ouepeAb,  BJiHflXb  na  KauecxBO  o6pa30BaBUieroca  Kpaxepa_yflaJiocb  xaKxce  n  HacxHHHo 
peajiH30Baxb  hx  HHCJicHHO-aHajiHXHHecKHMH  MexoAaMH.  npn  3XOM  cpa3y  6biJi  nojiynen  HeoxcHflanubiH 
oe3VJibxax  OKa3aJiocb,  hto  B3aHMOfleHCTBHe  ecezda  cymecxsenHO  BJiHflex  na  pa3BHXHe  nJia3MeHHoro 
JaKOJia  H  Koppo3HOHHoro  Kpaxepa  h  npeHe6peraxb  hm  Henb3a  Aa*e  b  cjiynae  3K30XHHecKH  KopoxKHX 
HMnyjibcoB,  Koraa,  kuk  cHHxajiocb,  HMny.iibc  npocxo  ne  ycneBaex  npoBaaHMOACHCTBOBaxb  c  uaJiyueHneM . 
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Absorption  of  the  electromagnetic  radiation  by  the 
surface  modes  in  heterogeneous  media 


L.G. Grechko,  V.G.Levandovskii,  V.V.Motrich  and  V.Yu.Reshetnyak 


Institute  for  Surface  Chemistry,  National  Academy  of  Sciences  of  Ukraine, 
31  Nauki  Ave.,  252022  Kiev,  Ukraine 


The  results  of  studies  of  the  interaetion  between  electromagnetic  radiation  and  heterogeneous 
systems  (HS)  are  generalized.  The  calculation  schemes  of  the  effective  dielectric  permeability  e  for  two 
types  of  HS,  namely  statistical  mixtures  and  matrix  disperse  systems  (MDS),  are  presented.  The  results 
obtained  have  been  used  for  the  investigation  of  mechanisms  of  the  electromagnetic  radiation  absorp¬ 
tion  caused  by  surface  modes  in  a  MDS  with  spherical  or  ellipsoid-shaped  metallic  conclusions.  It  is 
shown  that  the  resonance  absorption  of  electromagnetic  radiation  is  observed  at  the  frequencies  of  the 
surface  modes.  The  spectral  characteristics  of  e(co)  as  a  function  of  MDS  parameters  is  considered. 


B  po6oTi  ysarajibHeHO  peayntTaTu  /iocjiifl>KeHb  BsaeMOflii  eneicrpoMarHiTHoro  BrinpoMimosaHHa 
(EMB)  3  iiinpoKHM  cneKTpoM  rereporenHHx  chctcm  (EC).  npHBe.iieHi  cxcmh  poapaxyaxy  e^eKTHBHoi 
fliejieKTpHHHoi  npoHHKHOcri  (?)  TC  ^box  xuniB:  craxHCTHHHi  cyMiuii  xa  MaxpuHHi  flucnepcni  CHCxeiUH 
(M,Z1C).  OaepsKaui  peayjibxaxH  BHKopHcxani  aJW  aocjimjKeHua  MexanisMiB  norjinnaHHa  EMB  b  M71C 
3  MexajieBHMH  BKjnoaeHHaMH  c4)epnHHoi  xa  ejiincoi.ziajibHoi  (J)opMH,  odyMOBJiCHoro  naaBHicxio 
noBepxneBHX  MOfl.  /JocjiiflaceHO  cneKxpajibHHH  xapaKxep  £(co)  b  aajiejKHOcxi  Bifl  napaMexpiB  M,HC. 


Dielectric  permittivity  of 
heterogeneous  systems 

When  analyzing  the  interaction  of  the  electro¬ 
magnetic  radiation  with  heterogeneous  systems, 
the  main  problem  is  to  understand  the  correlation 
between  the  electro  dynamic  properties  of  the 
composite  material  and  its  physico-chemical 
structure.  The  term  “composite  material”  implies 
HS  of  two  or  more  homogeneous  phases.  De¬ 
pending  on  the  character  of  the  components’  dis¬ 
tribution  in  such  materials,  the  latter  are 
classified  into  lamellar  materials  (regular  or  ir¬ 
regular),  matrix  and  statistic  mixtures.  The  com¬ 
posite  in  a  matrix  mixture  form  is  assumed  to  be  a 
matrix  that  forms  a  continuous  medium  in  which 
distributed  are  not  contacting  mutually  micro¬ 
scopic  inclusions,  these  phases  (matrix  and  inclu¬ 
sions)  being  inequitable.  From  here  on,  we  shall 
call  such  systems  “matrix  disperse  systems” 
(MDS).  Statistic  mixtures  are  characterized  by  an 
unordered  distribution  of  phases.  Here,  both 
phases  are  equitable.  The  form  and  nature  of  the 


filler  particles  in  MDS  and  particles  of  phases  in 
the  statistic  mixture  may  be  absolutely  different. 

To  establish  a  correlation  between  electrody¬ 
namic  parameters  of  HS  and  the  structure  of 
these  systems,  two  methods  are  mainly  used:  the 
effective  medium  method  [1-12]  and  that  of  the 
radiation  transfer  equations  [13-14].  The  first  was 
used  in  this  paper:  the  inhomogeneous  medium 
with  spatially  varying  electrodynamic  parameters 
was  substituted  by  a  homogeneous  one  with  the 
corresponding  effective  values  of  electrodynamic 
parameters  (dielectric  permittivity  e,  magnetic 
permeability  p,  conductivity  ct).  The  estab¬ 
lishment  of  the  correlation  between  e,  p  and  a 
and  properties  of  the  inhomogeneous  medium  is 
assoeiated  with  the  calculation  of  mean  intensities 
values  in  different  parts  of  such  a  medium.  Usu¬ 
ally,  for  solving  these  problems,  various  approxi¬ 
mations  are  used  (long-wave,  electrostatic,  etc.) 
[1-12].  We  believe  that  the  most  efficient  ap¬ 
proach  to  solving  the  problems  of  the  s,  p,  c  de¬ 
termination  for  HS  is  a  set  of  integral  equations 
of  electrodynamics  [15].  The  idea  of  the  method 
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consists  of  the  following.  Let,  in  an  unlimited 
space  characterized  by  dielectric  and  magnetic 
permeabilities,  be  the  given  system  of  currents 
and  charees  which  initiates  primary  dropping 
electric  Eq  (f)  and  magnetic  (f)  fields  (time 
dependence  e-'“0  and  N  of  electrically  neutral 
material  bodies  of  an  arbitrary  shape  and  nature 
with  tensors  of  dielectric  e,  and  magnetic  p,  per¬ 
meabilities.  Then,  it  follows  from  the  Maxwell 
equations  with  account  for  boundary  conditions 
and  superposition  principle  [15]  that  the  electro¬ 
magnetic  field  in  an  arbitrary  point  of  space  r 
will  be  defined  by  the  equations: 

N 

+  X  f(^  + 

j=  1 

+  /ikiV^rotni^(rll 

' 

N  • 

Tt{f)  =  +  Y,  {(grad-  div  -i-  kl)U  f(r^  - 

i  =  l 

-/*jV^rotn^(r1 

where  A:,  =  -  M»n.  and  are  the  electric 

and  magnetic  Herz  potentials  fully  defined  pro¬ 
vided  known  are  the  internal  fields  in  each  of  the 
scattering  bodies  individually; 


Herc^  /(|r^/^l)=  (5) 

is  the  Green  function  satisfying  the  scalar  equation 
A/-(-)k?/=-4n8(r^r^ 

To  determine  the  internal  field  in  the  volume 
Vj  one  should  consider  (and  solve)  2N  integral 
equations  (1)  and  (2)  for  the  points  inside  the 
(1)  volume  Vf.  It  is  common  solution  of  these  equa¬ 
tions  that  determines  the  internal  field  in  all  bod¬ 
ies,  consequently,  according  to  (1)  and  (2),  a  full 
field  in  all  points  of  the  space. 

The  use  of  the  set  of  electrodynamics  integral 
equations  allowed  to  consider  from  one  view¬ 
point  the  problem  on  s  and  p  of  statistic  mixtures 
and  MDS  types  HS  [16-18].  In  these  papers,  gen¬ 
eral  expressions  for  the  calculation  of  Sy  were  ob¬ 
tained  in  the  form  of  series  by  the  correlation 
functions  of  a  random  value  ey<r*)  (statistic  mix¬ 
tures)  and  by  the  concentrations  of  inclusions 
(MDS).  Let  us  note  that,  in  this  case,  at  each  k 
stage  of  the  calculation  it  is  necessary  either  to 
know  the  correlation  function  of  the  A:-th  order  for 


Table  1. 


Types  of  inclusions 

Low  concentration  approximation 

Self-consistent  approximation . 

1.  Spheres 

3/e„,(e-Ej 

3;S'(e-e„) 

'(7) 

*  ~  ^  (2e  +  e)  H-/(e  -  e) 

2.  Randomly  oriented 
cylinders 

/(5e-t-E)(e-eJ 
^  ~  ^  3  (e  4-  E)  -  2/(e  -  e) 

(8) 

3.  All  the  cylinders  are 

2/e„(E-eJ 

>! 

k 

1 

in  the  plane  OX  Y  and 
randomly  oriented 

_  -  2/(e-Ej(E-t-3Ej 

“  ”  (£m  +  c)+/(e-S’j 

_  -  2/(e-eJ(e4-3b^) 

=  V  -  (e  + -/(e  -  tj 

(9) 

4.  Cylinders  are  parallel 
to  the  axis  OZ 

_  _  2/e»(6-em) 

e«  =  e„  +  (e-Ej/ 

_  ~  2/E„(e-E„) 

(10) 

^'"■'(e„  +  e)-/(E-eJ 

5.  Randomly  oriented 
di^s 

2/(2E-feJ(E-eJ 

S  *“  ^  ^  y*  /  \ 

"•  3e  -/(e  -  £  J 

f(2z  +  z)(z-z„) 
3e-/(e-5) 

(11) 
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0)p  CO 

Fig.  I .  Surface  plasmons  of  spherical  metallic  parti¬ 
cles  of  dispersively  inhomogeneous  systems. 

or  to  solve  the  problem  of  a  common  behav¬ 
iour  of  k  particles  in  the  electromagnetic  field.  The 
results  of  the  first  approximation  both  for  the  case 
of  low  concentrations  (Maxwell-Gamett  [1,2]  ap¬ 
proximation)  and  for  that  of  the  mean  field 
(Brugerman  approximation)  [1,3]  are  summarized 
for  different  forms  of  inclusions  in  Table  1. 


Absorption  of  electromagnetic 
radiation  by  surface  modes  in  MDS 


It  is  known  [1]  that  at  the  interaction  of  EMR 
with  separate  particles  the  size  of  which  is  signifi¬ 
cantly  smaller  than  the  wavelength  of  the  incident 
radiation,  its  absorption  by  the  surface  modes  (plas¬ 
mons,  polaritons,  excitons)  of  these  particles  takes 
place.  Given  below  is  a  theoretical  consideration  of 
the  absorption  in  a  MDS  with  the  fillers  of  spheric 
and  ellipsoidal  forms.  For  obtaining  MDS  depend¬ 
ences  on  s'  and  s",  the  relation  (7)  was  used;  here 
the  dielectric  permittivity  of  inclusions  was  ex¬ 
pressed  in  the  following  form  [1]: 


S(«)  =  Soo 


(12) 


AnNjC  ^ 

where  co  =  — - - ,  N.  =/A^  is  the  concentration 

Eoo 

of  electrons  participating  in  the  i-ih  transition,/] 
of  the  oscillator  strength  for  this  transition,  (0^,-  is 
the  intrinsic  frequency  of  this  transition,  v,,,  is 
the  frequency  of  their  relaxation.  From  (7)  and 
( 1 2)  we  find  for  a  sphere: 


/=!  1=1 _ 

2 

”  ^  r  ” 

a  +  Z“W/  + 


Imsfco)  =e(oo) 


«  +  Z“7’/W-  +  Z®r,YA 


(^®01  -  ®  J  +  (0  Vqj 


~  ^Lt  ^  “  S  - ~ 


2  2 
C0r,= - - ,  COt"  =  - - - 


where  B  =  (l  -f)/3,  A=B+f,  is  the  dielectric 
permittivity  of  the  matrix.  The  frequency  of  the 
surface  modes  is  found  from  the  relation  (de¬ 
nominator  is  in  the  expression  for  Ims(co)  =  0): 


n  2  f  2 

®p,(  ®0,-  -  ®  ) 

/=!  fffli  -  -fcoVn 


1-B 


The  formulas  (13)  and  (14)  solve  in  principle 
the  problem  of  EMR  absorption  in  MDS  with  the 
spheric  inclusions  at  a  most  general  character  of 
the  frequency  dependence  6(0)  (13). 
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e' 


Fig.  2.  Dependences  of  the  real  (s')  and  imaginary  (e") 
parts  of  effective  dielectric  permittivity  on  frequency 
x  =  (o/(S)p  at  =  1; /=  0.01;  L,  =L2  =  1/4; 

^3=  1/2;  for  v/o)^  =  0.008  ( - — );  and 

vldip  =  0.004  (-  - - ). 


In  the  case  of  free  carriers,  at  -  e„  =  1 


s((o)  =  1 


(b(co  +  iv) 


&((£>)  =  1  +  ■ 


©r-co  -/®v 


where  [19,20] 


1+2/2  2  l-/„2 


Thus,  the  absorption  at  a  frequency  of  the  sur¬ 
face  plasmon  o-j-  (Frelich  mode)  has  a  resonance 
character  and,  depending  on  /,  may  differ  essen¬ 
tially  from  co^.  In  the  case  of  randomly  oriented 
ellipsoitial  particles  wdth  the  depolarization  coef¬ 
ficients  [1]  L,  =L2^L^  and  according  to 
(15),  the  analogous  calculations  [18]  give 
=  ^00=  0: 


s' 


Fig.3.  Dependences  of  e'  and  ?'  on  frequency  x  at 
Effl  =  E®  =  1 1  v/M;,  =  0.008;  L,  =  Lj  =  1/4;  L3  =  1/2  for 
/=  0.1  (■ - -)  and/=  0.01  ( - ). 
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Fig.4.  Dependences  of  c'  and  e"  on  jc  at  =  1 ; 


v/cOp  =  0.008;  /  =0.1  for  L,  =  =  1/4;  Lj  =  1/2  for 

e„=l( - ):e„  =  5( - ). 
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s' 


Fig. 5.  Dependences  of  ?  and  s"  on  x  at  =  1 ; 

v/w^  =0.008;/ =0.1  for 

L,  =  Lj  =  0.49,  Lj  =  0.02  ( - );  L,  =  Lj  =  0.01 , 

L3  =  0.98  ( - );L,  =L2=L3=  1/3(— -). 


£' 


S" 


Fig. 6.  Dependences  of  e'  and  e"  on  x  at  =  e^  =  1 ; 
/=0.1:  =0.1,  £3  =  0.3,  £3  =  0.6. 


e(£o)  =  1  + 


f^ph 


A. 


£11. 


(18) 


where 


1  2 

Tl  =  — (1  -/-3a  +  3y),  +72=  1,  Q  =  co(co  +;y), 

a  -  (££3  +  £i)/3,  o  <  1}, 

Yi  =  ’A  1(1  -/-  3a)^  -  4  (1  -y)  (2  -  3fl)(6a  -  1)]^ 
and 


±  ((1  -  £,  -//3)-  -  4(1  -y)  (1  -  2£,)Z3)'^] 

are  the  frequencies  of  the  surface  modes. 

Again,  we  came  to  the  resonance  character  of 
EMR  absorption  in  MDS  at  frequencies  Ot-i  and 
Qj-2  which  is  absent  in  the  bulk  sample  with  the 
dispersion  law  (15).  As  it  is  seen  from  (18),  the 


absorption  spectrum  is  characterized  in  this  case 
by  two  distinguished  peaks  of  about  equal  width 
(the  peak  widths  are  defined  by  the  attenuation  v) 
the  position  and  height  of  which  depend  essen¬ 
tially  on  the  form  of  the  particle  Lj  and  disper¬ 
sion  of  MDS /. 

Presented  m  Fig.  1-6  are  the  dependences  r./co) 
and  e"(co)  for  some  frequency  cases.  Note  that  t’le 
analysis  [18]  of  the  expressions  (13)  showed  that 
at  a  decrease  of  v  and  increase  of/,  the  intensity 
of  the  peaks  on  the  curve  e'YO)  rises  dramatically 
with  their  position  almost  unchanged.  The  form 
of  particles  which  is  included  in  (18)  via  the  factor 
L]  [1]  that  may  vary  from  0  to  1/2  pro  duces  a  very 
significant  effect  on  the  spectrum  of  the  surface 
plasmons  in  MDS. 

Thus,  in  MDS  with  metallic  inclusions,  a 
transfonnation  of  the  frequency  dependence  (15) 
occurs  into  s(co)  one  of  the  oscillator  type  with  the 
resonance  frequencies  corresponding  to  those  of 
surface  modes. 
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For  many  substances  encountered  in  practice, 
the  dispersion  law  e(co)  is  determined  experimen¬ 
tally  and  it  is  difficult  to  be  interpolated  in  a  ccide 
frequency  range  by  some  dependence  of  the  type 
(12).  Therefore,  in  this  case,  to  find  the  depend¬ 
ence  it  is  necessary  to  make  first  of  all  numeric 
calculation  of  8(co)  using  the  relations  from  Ta¬ 
ble  1  or  refined  relations  in  the  approximation  of 
a  multiple  scattering  [17],  using  therewith  the  ex¬ 
perimental  curves  of  the  s(ffl)  dependence. 

Such  a  calculation  was  made  for  a  disperse 
silicon  dioxide  (Si02)  consisting  of  the  particles 
=  10  nm  in  size  in  the  region  of  stretching  vibra¬ 
tion  of  the  bonding  Si-O  (1070  cm"’).  Shown  in 
Fig.7.a  and  Fig. 7b  are  the  experimental  depend¬ 
ences  [21]  for  the  real  (n)  and  imaginary  (k)  parts 
of  refraction  index  of  a  solid  sample  Si02  as  well 
as  the  dependences  Ree(co)  and  Im8(co),  (Fig.7d 
and  7e)  calculated  according  to  (7)  with  account 
for  the  experimental  dependences  «(co)  and  k((o), 
for  a  sphere  and  compressed  ellipsoid 
(L,=L2=0.01,  L3=0.98).  The  obtained  value  of 
the  absorption  maximum  frequency  (co^)  for 
spheres  =  1 130  cm"'  is  in  a  good  agreement  with 
the  experimental  value  =1111  cm"’  [1], 

It  follows  from  the  results  obtained  that  using 
the  spectroscopy  of  the  surface  modes  of  small 
particles  in  MDS  one  may  in  principle  determine 
many  parameters  of  small  systems:  the  degree  of 
filling/ (by  the  height  of  the  peak  e''(co)),  ellipsoi- 
dality  of  the  inclusion  particles  (by  the  shift  of  the 
peak  position  and  its  height),  dielectric  permittiv¬ 
ity  of  the  matrix  (also  by  the  shift  and  height  of 
the  peak),  etc. 

The  authors  are  very  grateful  to 
Dr.A.Ya. Blank  for  useful  discussions  on  the 


problem  of  electromagnetic  radiation  absorption 

by  surface  plasmons  in  disperse  media  [22]. 
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norjiomcHHe  3JieKTpo!viaraMTHoro  MSJiyHeHHH  noeepxHocTHbiiviH 
MO/iaMH  B  rexeporeHHOM  cpepie 

Jl.r.rpcHKO,  B.r.JleBaHjiOBCKHH,  B.B.MoxpHH,  B.K).PemeTHHK 


B  paboxe  oOoOrqeHbi  peayjibxaTbi  HccjieflOBanHH  no  B3aHMO,peHCXBHK)  sneKxpoMarHHTHoro 
H3JiyHeHHH  (3MH)  c  uinpoKHM  cneKxpoM  rexeporenHbix  CHCxeM  (PC).  IIpHBefleHbi  cxeMbi  pacnexa 
3(j)(})eKXUBHOH  armneKTpHHecKOH  npoHimaeMOCTH  (s)  TC  flByx  xhoob:  cxaxHcruHecKHX  CMeceil  h 
MaxpuMHbix  .gHcnepcHbix  chctcm  (M/C).  HojiyMeHHbie  pexyjibxaxbi  ncnojibsoBanbi  flJiH  HByneHnn 
MexaHH3MOB  noxJioujeHHa  3MH  b  MTfC  c  MexaJiJuiHecKHMH  BKiuoneHnaMH  ccliepunecKOH  h 
sjiiiHncoHflajibHOH  (fiopMbi,  obycnoBJieHHbiH  uajiHUHeM  noBepxHocxHbix  MOfl.  HoKaaaHO,  hto  b  xaxnx 
CHcxesiax  Habjiioflaexca  pesoHancHoe  norjiomeHHe  3MH  na  nacxoxax,  paBHbix  uacxoxaM 
noBepxHOCTHbix  MOfl.  HccjieaoBaH  cneKxpajibHbiii  xapaKxep  z(a)  b  saBHCHMOcxH  ox  napaMexpoB  MmC. 
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The  role  of  adsorption  phenomena  in  processes 
of  the  metal  electrodeposition 


Yu.M.Loshkarev 


Dnepropetrovsk  State  University,  72  Gagarin  Ave., 

320625  Dnepropetrovsk,  Ukraine 

The  surface-active  substances  (SAS)  influence  on  different  stages  of  metal  electrodeposition  proc¬ 
esses  has  been  considered.  The  role  of  chemical  interaction  of  metal  ions  with  SAS  in  the  kinetics  and 
mechanism  of  electrode  reactions  has  been  investigated  systematically.  The  fundamental  mechanisms 
of  SAS  influence  on  initial  stages  of  crystallization  and  growth  of  multilayer  metal  deposits  have  been 
established  The  SAS  action  as  inhibitors  of  hydrogen  absorption  by  steel  under  metal  electrodeposi¬ 
tion  is  discussed.  The  general  principles  for  the  choice  of  SAS,  ligands  and  inorganic  compositions  of 
electrolytes  for  the  galvanic  technique  have  been  formulated.  The  main  characteristic  of  new  zinc  and 
copper  plating  processes  with  optimum  combination  of  technological  and  ecological  features  have 
been  shown. 


Poarjianyro  bujihe  noBepxneBO-aKTHBHHX  penoBHH  (IlAP)  na  piani  CT^ii  npoqeciB  eneicrpo- 
ocafl)KeHHH  MerajiiB.  CncreMaTHHHO  ;iocjiifl3KeHa  poJib  xiMiMHoi  BsaeMOflii  ioniB  MerajiiB  3  IIAP  b 
KiHeraqi  xa  MexanisMi  ejieKxpoflHHX  peaKqiH.  BcTaHOBJieni  (JiyHflaMeHTaJibHi  MexaniaMH  BnJiHBy  DAP 
na  noHaxKOBi  cxa;iii  KpHCxaniaaqii  xa  picx  nojiiuiapoBHX  ocafliB  MexajiiB.  06roBopioeTbca  flia  HAP  aK 
iHriSixopiB  HaBoanioBaHHa  cxajii  npH  ejieKxpoocaflxceHHi  MexaniB.  C4)opMyJibOBaHi  aaraabHi 
npHHUHnH  BH6opy  HAP,  airdHAiB  i  HeopraniMHoro  ciciafly  ejieKxpoaixiB  ana  HaneceHna  rajibBaniHHHX 
noKpHxxiB.  npHBeaeHi  ochobhI  xapaKxepncxHKH  hobhx  npoqeciB  UHHicyBaHHa  xa  MianenHa  3 
onxHMajibHHM  noeanaHHaM  xexHOJioriHHHX  xa  eKOJioriHHHX  noKaaHHKiB. 


The  decisive  role  of  adsorption  phenomena  of 
surface-active  substances  (SAS)  in  the  kinetics 
and  mechanism  of  the  metal  electrodeposition  is 
established  by  many  investigations.  SAS,  being 
adsorbed  on  the  metal-solution  interface,  change 
the  conditions  of  this  complex  multistage  process. 
Small  organic  SAS  admixtures  (from  thousandth 
parts  to  few  grams  per  liter)  to  electrolytes  are 
widely  used  in  practice  to  enhance  the  structure 
and  working  properties  of  galvanic  coatings  as 
well  as  the  electrolysis  technologic  features  (the 
deposition  rate,  dissipating  ability,  etc.). 

The  theory  of  the  SAS  action  was  developed 
traditionally  as  the  ever  more  comprehensive 
study  ()f  their  influence  on  the  proper  electro¬ 
chemical  discharge  act.  Therewith,  the  impor¬ 
tance  of  chemical  and  crystalhzation  stages  was 
underestimated  or  ignored  at  all,  though  their 
role  in  the  overall  electrode  process  is  also  sig¬ 
nificant.  The  consideration  of  the  SAS  action  on 


several  electrodeposition  stages  under  discrimina¬ 
tion  of  corresponding  overvoltage  components 
allows  to  obtain  a  more  comprehensive  and  im¬ 
partial  picture  of  the  metals  cathodic  release  and 
to  formulate,  on  that  basis,  some  general  princi¬ 
ples  of  technologic  control  of  the  galvanic  coat¬ 
ings  deposition. 

Discharge  and  penetration  stages 

Most  investigation  dealing  with  the  SAS  influ¬ 
ence  on  the  discharge-ionization  rate  have  been 
performed  using  the  mercury  electrode  what  re¬ 
stricts  the  possibility  of  their  results  application 
to  electrodeposition  processes.  General  state¬ 
ments  concerning  the  inhibiting  action  depend¬ 
ence  on  the  surface  filling  degree  by  SAS,  the 
charge  sign  of  adsorbed  and  reacting  particles, 
the  role  of  the  stage  of  penetration  of  metal  ions 
through  adsorbed  SAS  layers  [1-3]  etc.  hold  their 


Functional  materials,  2,  2,  1995 


201 


Yu.  M.Loshkarev  /  The  role  of  adsorption  phenomena... 


validity,  however,  also  for  actual  conditions  of 
the  cathodic  metal  release. 

Main  relationships  determining  the  influence 
of  pH,  temperature,  background  anions  nature 
and  concentration,  and  other  factors,  on  the  SAS 
action  effectivity  at  the  metal  electrodeposition 
are  considered  in  publications  [4-7].  From  the 
viewpoint  of  the  galvanic  technique,  following  re¬ 
sults  are  of  most  importance. 

1.  The  temperature  influence  on  the  admix¬ 
tures  action  has  been  quantitatively  studied  and 
critical  temperature  values  corresponding  to  the 
disappearance  of  the  additional  energetic  barrier 
have  been  determined.  Most  of  SAS  lose  their 
effectivity  already  at  30-40  °C  due  to  adsorption 
reduction  with  temperature  increasing.  Yet,  some 
organic  admixtures  have  been  found  to  retain 
their  adsorption  abihty  and  inhibiting  effect  at 
elevated  temperatures  (polyrtleric  tetraalkyl  am¬ 
monium  salts  for  the  zinc  deposition  from  basic 
solutions,  etc.).  Such  SAS  are  of  interest  not  only 
for  the  usual  galvanic  technique  but  also  at  the 
coatings  obtaining  from  low-temperature  melts. 

2.  The  dependence  of  the  SAS  inhibiting  effect 
on  the  hydration  energy  (HE)  value  of  surface-inac¬ 
tive  or  weakly  adsorbing  anions  (SO|“,  F",  CIO4, 
BF4,  etc.)  has  been  established.  The  SAS  inhibit¬ 
ing  action  on  the  cadmium,  tin,  and  other  metals 
in  the  area  of  the  positive  surface  charge  has  been 
shown  to  be  increased  sharply  with  the  transition 
from  sulphate  solutions  to  fluoborate,  chlorate, 
and  other  ones  based  on  anions  having  small  HE 
values.  Admixtures  which  are  ineffective  in  sul¬ 
phate-based  eleetrolytes  can  be  used  successfully 
in  the  cadmium  and  tin  deposition  from  fluobo¬ 
rate  solutions. 

3.  Surface-active  anions  of  halogens,  rho- 
danide  ion,  thiourea,  and  some  other  thiocom- 
pounds  have  been  found  to  weaken  the  organic 
inhibitors  effect  on  the  metal  cations  discharge 
and  enhance  the  retardation  effect  if  metal  ions 
are  bonded  into  complexes  charged  negatively. 

4.  The  inhibiting  action  of  SAS.  forming  no 
complexes  with  metal  cations  becomes  weaker,  as 
a  rule,  with  the  increase  of  solution  pH.  When 
surface  complexes  of  reacting  ions  with  SAS  are 
formed,  the  retardation  increases  with  the  pH  in¬ 
crease  and  becomes  particularly  significant  at  pH 
exceeding  pK  of  the  proton  addition  to  a  surface- 
active  ligand  molecule.  The  effect  of  SAS  unable 
to  protons  addition  or  splitting  out  is  retained 
over  a  wide  pH  range. 

5.  The  effect  of  SAS  orientation  on  the  kinet¬ 
ics  of  the  metal  ions  electroreduction  has  been 
established  and  explained.  So,  the  retarding  ac¬ 


tion  of  alpha  napthol  in  the  bismuth  ions  elec- 
troreduction  process  increases  significantly  at  the 
transition  from  horizontal  to  vertical  (or  inclined) 
disposition  of  adsorbate  molecules.  The  funda¬ 
mental  difference  in  the  effect  of  thiourea  and 
that  of  its  derivatives  (phenyl  thiourea,  diphenyl 
thiourea)  on  the  cadmium  electrodeposition  is 
due  to  differences  in  adsorbed  molecules  orienta¬ 
tion,  too. 

6.  It  has  been  shown  that  the  most  strong  in¬ 
hibiting  action  is  exhibited  by  SAS  having  great 
attraction  constant  a  values  (a  >  2)  in  the 
Frumkin  adsorption  isotherm  equation  or  by 
SAS  compositions  characterized  by  strong  asso¬ 
ciative  interactions  between  components  (e.g. 
mixtures  of  amines  with  phenols  or  napthols). 

Chemical  stages 

We  have  supposed  a  general  approach  to  con¬ 
sider  the  inhibiting  and  accelerating  SAS  effect 
taking  into  account  the  role  of  the  chemical  inter¬ 
action  between  metal  ions  and  adsorbed  admix¬ 
tures  [8,9].  As  a  result  of  such  an  interaction,  the 
nature  of  adsorbed  particles  is  changed,  and  if  the 
complexes  being  formed  are  electrically  active, 
the  nature  of  ions  being  reduced  on  the  cathode 
undergoes  a  change,  too. 

The  adsorption  of  complexes  can  be  inferred 
by  a  variation  of  the  double  layer  differential  ca¬ 
pacity  (Q  at  the  metal  ions  introduction  into  in¬ 
different  electrolytes  containing  SAS.  So,  the 
adsorption  of  zinc  ion  complexes  with  polyethyl¬ 
ene  polyamine  (PEPA)  is  manifested  by  a  signifi¬ 
cant  C  drop  after  addition  to  a  solution 
containing  PEPA.  It  is  of  importance  from  the 
vieyq)oint  of  the  galvanic  technique  that,  at  the 
transition  from  neutral  PEPA  particles  to  its  posi¬ 
tively-charged  complex  with  Zn^*  ions,  the  ad¬ 
sorption  range  becomes  enlarged  towards 
negative  potentials  at  which  the  zinc  electrodepo¬ 
sition  takes  place.  It  is  just  this  circumstance 
which  allows  to  use  polyethylene  polyamine  suc¬ 
cessively  as  the  admixture  to  basic  zincing  electro¬ 
lytes. 

Surface  concentrations  (g)  of  and  Cu^'^ 
complexes  with  several  inorganic  and  organic  li¬ 
gands  have  been  measured  using  chronocou- 
lometry,  cathodic  and  anodic  chronopotentio- 
metry.  The  found  g  values  were  consistent  with 
those  observed  usually  at  the  monolayer  adsorp¬ 
tion. 

If  reacting  ions  interact  with  a  SAS  under  for¬ 
mation  of  electro-active  complexes  (EAC),  then 
the  electron  transfer  stage  must  be  preceded  by 
the  corresponding  chemical  reaction.  It  has  been 
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found,  by  the  chronopotentiometry,  that  these  re¬ 
actions  occur  not  in  a  bulk  reaction  layer,  but 
immediately  on  the  electrode  surface  involving 
adsorbed  SAS;  the  rate  constants  for  those  reac¬ 
tions  have  been  detennined. 

The  adsorbed  EAC  fonnation  can  result  in  a 
acceleration  as  well  in  a  retardation  of  discharge, 
depending  on  the  SAS  nature,  presence  of  bridge 
atoms  or  groups  in  their  molecules  and  orienta¬ 
tion  of  those  molecules  on  the  surface;  in  both 
cases,  a  surface  chemical  reaction  of  metal  ions 
interaction  with  adsorbed  SAS  occurs  preceding 
the  electron  transfer. 

If  the  discharge  is  hindered  due  to  the  surface 
EAC  formation  including  the  reacting  ions  and 
SAS,  then,  the  electroreduction  can  occur  also  on 
the  outer  side  of  the  adsorption  layer  [10].  It  is 
obviously  that  this  mechanism  of  the  electrode 
process  inhibition  may  be  realized  only  when  the 
surface  is  completely  filled  by  surface-active  li¬ 
gands.  It  is  perhaps  just  such  an  effect  which  ben- 
zotriazol,  fixer  DCU  and  some  other  SAS  have 
on  the  copper  electrodeposition  from  sulphate  so¬ 
lution.  ^ 

The  metal  ions  discharge  retardation  is  ob¬ 
served  also  at  the  electrically  inactive  complexes 
formation  with  adsorbed  SAS;  in  such  systems, 
precedent  chemical  reactions  take  no  place  (e.g., 
copper  electrodeposition  in  the  presence  of  so¬ 
dium  diethanol  dithiocarbamate). 

Thus,  basing  on  the  notions  about  the  react¬ 
ing  ions  complexing  with  adsorbed  SAS,  the  ac¬ 
celerating  as  well  as  the  retarding  effect  of 
admixtures  on  the  metal  ions  discharge  can  be 
explained. 

Crystallization  stages 

SAS  influence  significantly  the  nucleation 
process  on  a  foreign  surface  (initial  stages  of  crys¬ 
tallization)  as  well  as  the  ensuing  growth  of 
polyatomic  metal  layers  [1 1].  There  are  only  few 
findings  about  the  SAS  effect  on  the  kinetics  of 
initial  crystallization  stages  [11,12]. 

The  interpretation  of  experimental  data  con¬ 
cerning  the  nucleation  on  foreign  electrodes  can 
be  based  on  the  nucleation  model  developed  by 
Markov  [13].  The  nucleation  rate,  at  a  steady  dis¬ 
tribution  of  pre-nucleus  aggregates  in  a  system,  is 
determined  by  the  simultaneous  influence  of  two 
factors’ the  active  centers  (AC)  number  limited 
for  a  specified  oversaturation  and  the  formation 
of  so-called  “excluded  nucleation  ”  zones  (ENZ) 
around  growing  nuclei;  yet  unoccupied  active 
centers  are  absorbed  an  eliminated  by  these  ex¬ 
panding  zones.  After  a  certain  time  interval. 


either  the  AC  depletion  or  ENZ  overlap  occurs, 
both  resulting  in  the  attainment  of  the  limiting 
nuclei  number. 

We  had  analysed  the  cases  when  admixtures 
influence  preferably  only  one  of  the  lactors  men¬ 
tioned,  and  two  fundamental  mechanisms  are 
suggested  for  the  SAS  action  on  the  phase  lorma- 
tion  kinetics  [14,  15]. 

1.  The  admixture  used  is  not  adsorbed  essen¬ 
tially  on  the  foreign  surface  (iiyrographite)  but  is 
adsorbed  strongly  on  the  metal  being  dqiosited. 
Being  adsorbed  on  metal  nuclei  of  a  certain  size, 
it  inhibits  their  growth  and  stows  down  the  devel¬ 
opment  of  ENZ  forming  around  growing  crys¬ 
tals.  Therewith,  the  number  of  active  AC 
increases  and,  ultimately,  so  does  the  nuclei  num¬ 
ber,  too.  It  is  polyacryl  amide  which  influences 
just  so  the  initial  stages  of  copper  electrocrystalli¬ 
zation  from  sulphate  solutions. 

2.  The  admixture  is  adsorbed  on  AC  ol  a  for¬ 
eign  surface,  thus  eliminating  them  out  of  the 
process.  So,  in  the  presence  of  acrylic  acid,  the 
AC  number  of  a  pyrographite  electrode  becomes 
so  small  that  the  controlling  nucleation  stage  un¬ 
dergoes  a  change.  The  decisive  role  in  the  pure 
concentrated  copper  sulphate  solution  belongs  to 
ENZ,  while  in  the  electrolyte  containing  acrylic 
acid,  to  AC.  At  high  admixture  concentrations 
AC  become  completely  blocked  and  the  nuclea¬ 
tion  stops. 

The  retardation  of  metal  nucleation  on  for¬ 
eign  electrodes  by  SAS  admixtures  manifests  it¬ 
self  usually  as  an  increase  of  the  crystallization 
overvoltage,  %.  Therewith,  no  correlation  exists 
between  and  nucleation  work,  A .  So,  acryloni¬ 
trile  (AN)  changes  ti;,.  insignificantly  but  causes 
the  triple  A  increase  for  the  zinc  nucleation  on 
pyrographite,  while  the  acrylamide-AN  mixture, 
causing  an  essential  increase  of  the  crystallization 
overvoltage,  leaves  A  value  practically  un¬ 
changed.  The  consideration  of  these  experimental 
data  using  the  equation  linking  A  values  with  sur¬ 
face  tensions  on  electrode/solution,  nucleus/solu¬ 
tion,  and  electrode/nucleus  interfaces  allows  to 
estimate  the  SAS  adsorption  effect  on  the  nuclea¬ 
tion  work  at  various  interphase  boundaries  [16]. 

The  SAS  influence  on  crystallization  stages  at 
the  multilayer  metal  electrodeposition  remains 
still  not  adequately  investigated,  and  mechanism 
of  their  effect  on  the  electrocrystallization  process 
is  yet  under  discussion.  So,  the  pyrophosphate 
and  selenate  anions  influence  on  the  copper  depo¬ 
sition  was  explained  by  an  additional  retardation 
of  the  surface  diffusion  stage  of  adatoms  preced¬ 
ing  their  incorporation  into  growth  sites  [17].  At 
the  same  time,  the  retardation  of  the  surface  dil- 
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fusion  due  to  the  SAS  adsorption  should  cause 
the  electrocrystallization  progression  according 
to  the  mechanism  of  the  direct  discharge  into  in¬ 
corporation  sites.  In  fact,  at  the  silver  electrode¬ 
position  under  rhodanide  anions  adsorption,  the 
contribution  of  the  adatoms  surface  diffusion  can 
be  neglected,  and  it  is  just  the  incorporation 
which  becomes  the  slowed  stage  [18]. 

In  the  course  of  investigation  of  the  SAS  effect 
on  multilayer  electrodeposition  processes,  a  com¬ 
bined  approach  is  useful  consisting  in  the  study  of 
thin  structure  and  physico-mechanical  properties 
of  coatings  along  with  polarization  charac¬ 
teristics.  The  influence  of  admixtures  on  proper 
crystallization  stages  is  most  clearly  manifested 
when  the  discharge  and  other  possible  stages 
(chemical  ones,  penetration,  etc.)  are  essentially 
not  retarded.  The  cathodic  zinc  deposition  from 
the  sulphate  solution  under  presence  of  a  mixture 
of  acrylamide  (AA)  and  acrylonitrile  is  a  charac¬ 
teristic  example.  The  SAS  mixture  causes  only 
slight  polarization  increase  (by  50  mV)  while  the 
deposit  morphology  undergoes  radical  alteration: 
mirror-like,  bright  coatings  are  deposited  in  a 
broad  range  of  current  density  values  (from  30  to 
200  A/dm^).  The  AA-AN  mixture  adsorption  re¬ 
sults  in  disruption  of  texture  series  characteristic 
for  the  admixture-free  electrolyte:  only  two 
growth  directions  become  prevailing  over  the 
whole  current  density  range  investigated  [18]. 
These  effects  are  due  to  the  admixtures  action 
mainly  on  the  zinc  nucleation  not  involving  the 
retardation  of  other  electrode  process  stages. 
Caprolactam,  polyacryl  amide  and  its  mixture 
with  acrylic  acid  exhibit  a  similar  effect  on  the 
copper  electrodeposition  from  sulphate  solutions. 

Unusual  SAS  effects 

The  polymeric  tetraalkylammonium  salt 
(PTAS)  differs  fundamentally  from  other  SAS  in 
character  of  its  influence  on  the  zinc  electrodepo¬ 
sition  from  an  alkaline  electrolyte  [9]. 

First,  its  adsorption  and  the  inhibiting  effect 
on  the  zinc  ions  discharge  are  retained  up  to 
strong  negative  potentials  (-2.8  V)  which  were 
not  attained  earlier  at  all  in  the  water  solutions 
electrolysis. 

At  such  negative  E  values,  the  electrochemical 
insertion  of  sodium  into  zinc  becomes  possible. 
The  hydrogen  emission  in  that  potential  range  is 
perhaps  a  result  of  the  destruction  of  intermetal- 
lide  formed  by  water  as  evidenced  by  a  sharp  dif¬ 
ference  in  the  admixture  action  on  the  hydrogen 
emission  kinetics  from  the  indifferent  electrolyte 
and  under  electrodeposition  conditions. 


The  possibility  of  realization  of  strong  nega¬ 
tive  potentials  enables  the  electrochemical  alloy¬ 
ing  of  zinc  by  electronegative  metals  and/or  by 
their  lower  oxides. 

Another  specific  feature  is  the  favourable 
PTAS  influence  on  the  crystallization  stages  of 
electrodeposition  in  the  range  of  the  limiting  dif¬ 
fusion  current  (ijj^)  which  allows  not  only  to  en¬ 
hance  the  coatings  quality  but  also  to  increase 
significantly  the  dissipation  characteristic  of  the 
electrolyte. 

SAS  as  steel  hydrogen  absorption 
inhibitors 

The  zinc,  cadmium,  chromium,  and  some 
other  metals  electrodepositioh  is  accompanied  by 
the  emission  of  hydrogen  which,  in  part,  is  ab¬ 
sorbed  by  the  steel  support  and  causes  a  deterio¬ 
ration  of  physico-meehanical  properties  of 
articles.  Some  organic  brighteners  favour  to  the 
support  hydrogen  attack  and,  what  is  of  specific 
importance,  hinder  the  hydrogen  removal  even  at 
a  prolonged  heat  treatment  of  finished  articles. 
The  latter  circumstance  makes  impossible  their 
use  in  the  high-strength  steels  zincing  [20]. 

At  the  same  time,  the  properly  chosed  organic 
and  some  inorganic  admixtures  can  assure  a  sig¬ 
nificant  drop  (by  8-10  times  and  more)  of  hydro¬ 
gen  content  in  steel  while  retaining  the  high  level 
of  its  strength  and  plasticity  characteristics.  We 
have  showed  [21]  that  hydridization  inhibitors 
must  assure  the  effective  hydrogen  removal  from 
the  surface  and,  by  such  a  manner,  prevent  its 
penetration  into  the  support.  In  this  connection, 
of  special  interest  are  admixtures  which  are  able 
either  to  adsorb  on  a  steel  surface  and  to  interact 
chemically  with  atomic  hydrogen  (e.g.  thiourea 
derivatives  in  cadmium  deposition,  some  alde¬ 
hydes  at  zincing,  high-dispersed  metal  oxides  sus¬ 
pensions  in  chrome  plating)  or  to  accelerate 
catalytically  the  recombination  of  hydrogen  (het¬ 
erocyclic  complexes  of  cobalt,  molybdenum,  tita¬ 
nium  oxides  at  zincing). 

Such  mechanism  of  the  hydrogen  attack  in¬ 
hibitors  action  is  supported  by  quantitative 
analysis  of  admixtures  and  their  destruction 
products  (thiourea  derivatives  in  the  cadmium 
electrolytes)  as  well  as  by  thermodynamic  (metal 
oxides  in  chrome  plating)  and  quantum-mechani¬ 
cal  calculations.  A  good  correlation  is  observed 
between  the  lowering  of  the  hydrogen  content  in 
steels  (AH)  and  parameters  characterizing  the  ad¬ 
mixtures  ability  to  interaction  with  atomic  hydro¬ 
gen,  i.e.  the  electron  density  on  atoms  and  the 
chemical  bond  order  (metal  oxides,  thiourea  de- 
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rivatives)  as  well  as  between  AH  and  the  free  va¬ 
lence  index  characterizing  adsorption  and  cata¬ 
lytic  properties  (heterocyclic  complexes,  thiourea 
derivatives).  This  allows  to  choice  appropriately 
the  effective  hydridization  inhibitors  using  the 
calculation  results  only.  The  possibilities  for  in¬ 
vestigation  of  hydrogen  absorption  under  elec¬ 
trolysis  can  be  extended  substantially  by  the  use 
of  a  new  method  proposed  by  us  to  determine 
separately  different  hydrogen  forms  by  spectral 
means  [22].  It  has  been  shown  for  a  number  of 
chemical  and  electrochemical  processes  (steel  dis¬ 
solution  in  acid,  cathodic  hydrogen  emission, 
metal  electrodeposition)  that  the  physico-me- 
chanical  properties  of  steel  are  depended  not  only 
on  the  total  hydrogen  content,  but  also  on  the 
ratio  of  its  relatively  mobile  diffusional  form  (D) 
and  strongly  bounded  collected  (C)  one.  The  lat¬ 
ter  exerts  a  decicive  effect  on  the  lowering  of  steel 
strength  characteristics  and  is  therefore  the  most 
dangerous,  while  the  plastic  properies  are  better 
correlated  with  the  total  hydrogen  content  (//tot)- 
SAS  influence  not  only  //jot  but,  in  certain 
cases,  cause  a  dramatic  change  of  the  ratio  be¬ 
tween  D  and  C  hydrogen  forms.  The  compounds 
allowing  to  lower  “the  specific  gravity”  of  the  col¬ 
lected  form  are  particularly  effective.  A  polymeric 
tetraalkyl  ammonium  salt  admixture  for  the  alka¬ 
line  zincing  electrolyte  synthetized  in  our  labora¬ 
tory  can  be  a  characteristic  example.  At  relatively 
high  hydrogen  content  in  a  steel,  the  C  form 
amount  has  been  proved  to  be  substantially  less 
than  under  use  of  known  SAS  or  their  composi¬ 
tions  (Limeda  NBc,  DCTI-150,  and  others)  [23]. 
It  is  just  this  feature  which  determines  the  possi¬ 
bility  of  the  deep  dehydrogenation  of  steel  articles 
and  regeneration  of  their  physico-mechanical 
properties. 

The  control  of  technological 

processes  of  metal  electrodeposition 

On  the  basis  of  concepts  described  above,  the 
following  general  principles  for  the  control  of  gal¬ 
vanic  coatings  deposition  processes  have  been  es¬ 
tablished  [24]. 

1.  In  most  processes  of  the  metal  electrodepo¬ 
sition,  efforts  should  be  made  not  for  the  maxi¬ 
mum  retardation  of  the  discharge  stage,  but  for 
achieving  a  certain  optimum  of  polarization  due 
to  the  SAS  inhibiting  action  on  several  stages  of 
the  electrode  process.  This  allows  to  assure  the 
desired  functional  properties  of  coatings  in  com¬ 
bination  with  their  regular  distribution  over  sur¬ 
face  and  a  sufficiently  high  deposition  rate.  The 
combined  use  of  discharge-inhibiting  and  dis¬ 


charge-accelerating  SAS  is  an  effective  way  to 
control  the  polarization  degree. 

2.  It  is  advisable  to  use  such  SAS  mixtures  in 
which  some  components  mainly  inhibit  the  dis¬ 
charge  while  others  influence  primary  the  crystal¬ 
lization  stages  not  changing  essentially  the 
polarization  degree. 

3.  The  admixtures  influencing  mainly  the 
crystllization  stages  are  appropriate  for  use  in  the 
hydroelectrometallurgy  and  in  some  processes  of 
functional  galvanic  techniques  when  the  dissipa¬ 
tive  abihty  of  electrolytes  is  not  a  critical  require¬ 
ment  (e.g.  in  tubes,  wires,  sheets  coating  under 
intensive  electrolysis  modes). 

4.  In  many  cases,  solutions  containing  sur¬ 
face-active  ligands  combine  favourably  the  ad¬ 
vantages  of  simple  and  comlexing  electrolytes, 
e.g.  high  deposition  rates  and  dissipative  ability 
values,  the  fme-crystallic  coatings  structure,  etc., 
with  the  absence  of  electrode  passivation  in  both 
cathodic  and  anodic  processes. 

5.  The  use  of  sufficiently  high  kinetic  or  diffu¬ 
sion  limiting  currents  in  the  galvanic  techniques  is 
a  promising  way.  The  application  of  agmixtures 
allowing  for  the  high-quality  coatings  deposition 
in  the  area  of  limiting  currents  assures  a  dissipa¬ 
tive  ability  close  to  the  ideal  one  and  excludes  all 
the  limitations  concerning  the  working  current 
density  range. 

6.  As  the  hydrogen  attack  inhibitors,  sub¬ 
stances  interacting  chemically  with  the  atomic  hy¬ 
drogen  or  accelerating  catalytically  its 
recombination  are  to  be  used;  therewith,  along 
with  reactivity  of  those  admixtures,  their  adsorp¬ 
tion  properties  must  be  taken  into  consideration. 
It  is  advisable  to  use  SAS  lowering  selectively  the 
collected  hydrogen  content  in  steels. 

We  have  used  these  principles  in  the  develop¬ 
ment,  during  1985-94,  of  a  new  generation  of 
zincing  and  coppering  electrolytes  with  the  opti¬ 
mum  combination  of  technological  and  ecologi¬ 
cal  characteristics. 

The  zincing  processes  from  the  alkaline  elec¬ 
trolytes  have  found  the  widest  industrial  use.  The 
zincing  electrolyte  containing  the  polymeric 
tetraalkyl  ammonium  salt  admixture  called 
LV  4584  designated  for  coating  of  complex-pro¬ 
file  articles  assures  the  deposition  of  high-quality, 
middle-bright  zinc  coatings  over  a  very  wide  cur¬ 
rent  density  range  (0.1-50  A/dm^)  with  exceed¬ 
ingly  high  dissipative  ability  values  (75-95  %  as 
measured  by  Mohler  method).  The  LV  4584  ad¬ 
mixture  is  absolutely  stable  in  alkaline  medium, 
electrochemically  inert,  non-toxic  (hazard  class 
III);  its  industrial  production  has  been  mastered. 
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The  electrolyte  is  used  in  many  Ukrainian  enter¬ 
prises. 

The  use  of  a  new  modification  of  that  admix¬ 
ture,  LV  8490,  assures  an  additional  lowering  of 
the  support  hydrogen  attack  (by  several  times) 
and  so  the  retainment  of  initial  physico-mechani- 
cal  steel  characteristics  what  is  of  specific  impor¬ 
tance  in  the  zincing  of  special  articles  for  aviation 
and  some  other  areas  of  use.  The  ecological  char¬ 
acteristics  are  also  enhanced,  the  LV  8490  admix¬ 
ture  has  the  hazard  class  IV. 

It  has  been  shown  that  the  corrosion  resis¬ 
tance  and  other  functional  characteristics  of  zinc 
coatings  can  be  enhanced  substantially  by  the 
electrochemical  alloying  [25]  with  iron,  nickel,  co¬ 
balt,  lead,  or  lower  molybdenum  oxides  (see  Ta¬ 
ble).  The  zinc  coatings  doped  by  aluminium  are 


Table. 


Alloy 

Gain  in  coating  functional 
properties 

Zn-Mo  (0.05-0.6  %  Mo) 

Lowering  of  steel  hydrogen 
absorption  level  at  the 
zincing 

Zn-Mo  (0.2-0.6  %  Mo) 

Enhanced  corrosion 

resistance 

Zn-Fe  (10-17  %Fe) 
Zn-Ni  (9-10%  Ni) 
Zn-Co  (0.83-3.8%  Co) 
Zn-AI  (0.06-0.09  %  Al) 

Enhanced  corrosion 
resistance  in  neutral  media 

Zn-Pb  (0  8-1.5%  Pb) 

Lowering  of  the  coating 
self-dissolution  in  the  acid 
medium  (0.01  M  HCI)  by 
10-20  times 

first  deposited  from  aqueous  solutions. 

Therewith,  the  primary  advantages  of  basic 
zincate  solutions  containing  LV  4584  and 
LV  8490  are  retained,  i.e.  the  high  dissipative 
ability,  wide  working  current  density  and  tem¬ 
perature  ranges,  low  organic  admixtures  con¬ 
sumption  rates,  etc.  In  the  Zn-Fe,  Zn-Ni, 
Zn-Co,  and  Zn-Pb  coatings  deposition,  both  the 
basic  and  alloying  metals  are  released  under  limit¬ 
ing  current  conditions  what  assures  the  alloys 
composition  constancy  over  a  wide  range  of  i  val¬ 
ues  (2-15  A/dm^). 

In  20  Ukrainian  enterprises,  the  sulphate  elec¬ 
trolytes  containing  admixtures  of  “Midel”  series 
are  in  use;  these  compositions  are  designated  for 
the  multilayer  and  double-side  printed  circuits 
coppering  and  for  the  bright  underlayer  deposi¬ 


tion  onto  chemical  copper  or  nickel  before  the 
subsequent  chroming,  nickeling,  or  silvering.  The 
coatings  toning  for  simulation  of  brass,  gold,  or 
old  bronze  is  possible.  In  the  use  of  those  electro¬ 
lytes  for  the  printed  circuits  production,  the  high 
level  of  physico-mechanical  coating  properties  is 
guaranted  (relative  elongation,  tensile  strength 
limit,  ductility)  competitive  with  that  of  foreign 
analogues.  The  high  resistance  of  copper  deposits 
against  cyclic  thermal  shocks  is  the  specific  fea¬ 
ture  of  the  process.  Admixture  “Midel  GS-1”  and 
“Midel  GS-2”  can  be  used  for  the  bright  decora¬ 
tive  coppering  instead  of  foreign  composition  BS- 

I,  Limeda  L-2a,  etc.  The  admixtures  are  nontoxic 
(hazard  class  IV);  the  use  of  diluted  (in  relation  to 
copper  ions)  electrolytes  is  possible.  The  indus¬ 
trial  production  of  brightening  admixtures  for 
coppering  electrolytes  has  been  pioneered  in 
Ukraine. 
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Transverse  Kerr-,  Faraday-  and  spontaneous  Hall-effects  have  been  investigated  for  sets  of  Tb-Fe 
samples:  amorphous  Tb_jj,Fe|_^  (0<a:<1)  films  and  three  series  of  Tb/Fe  multilayers.  Using  comparative 
analysis  of  these  effects,  magnetic  properties  of  Tb/Fe  interface  are  studied.  It  is  shown  that  spontane¬ 
ous  Hall  coefficient  attributed  to  spin-orbital  interaction  has  its  maximum  value  2.4- 10“''  pQ  cm/Gs  in 
the  interface  with  effective  composition  near  to  room  temperature  compensation  composition.  This 
value  is  approximately  one  order  lower  than  the  same  coefficient  in  amorphous  set. 


BHMipioBajiHcb  eKBaxopiaJibHHH  ecJicKX  Keppa,  e4)eicT  <I>apa,nesi  xa  anoMajibHUH  e4)eKX  Xojuia  y  hoxh- 
pbox  cepiax  apaaioB:  cepil  aMop(})HHX  njiinoK  Tbj,.Fe|_^  (0<x<l)  xa  xpbox  cepiax  6araxoiiiapoBHX  njiisoK 
Tb/Fe.  BHKopHCTOByioHH  nopiBHanbHufi  anajiia  pesyjibxaxiB  BUMipioBanb  e^iacriB,  BUBHajmca  Marnixni 
BJiacxHBOcri  MimuapoBoi  Mead.  HoKaxano,  tgo  KoeijiiqieHx  anoMaubHoro  eiJieKxy  Xojuia,  oSyMOBJieuHH 
cniH-op6ixajibHOK)  BxaeMOflieio,  npoaBJiae  CBoe  MOKCHMajibHe  xuaHenHa  2.410“^MKOM  CM/rc  y  Miacma- 
poBifi  Mead  3  e^ieKXHBHHM  cKJiaAOM,  6jiH3bKHM  flo  cKJia/iy  KOMneHcaqii  ripn  KiMHaxniH  xeMnepaxypi.  Ife 
3HaHeHHa  npH6jiH3Ho  na  nopsmoK  BejmuHHH  Huacue  sHaneHna  fljia  xoro  ac  Koe4)iitieHxy  b  aMopiJiHiu  cepii. 


Introduction 

Existence  of  relationship  between  Faraday  ro¬ 
tation  and  Hall  effect  in  amorphous  rare-ears- 
transition  metal  alloy  was  shown  [1-3].  The 
spin-orbit  interaction  of  the  polarized  conduction 
electrons  gives  rise  to  a  Hall  current  perpendicu¬ 
lar  to  the  magnetization.  Many  studies  have  been 
devoted  in  the  last  years  to  artificially  layered  ma¬ 
terials.  They  are  interesting  both  for  applications 
and  for  possibility  to  realize  structures  with  dif¬ 
ferent  physical  interactions.  Recently,  the  possi¬ 
bility  was  shown  [4]  to  separate  contributions  of 
the  main  films  and  interfaces  of  multilayers 
(MLs)  in  their  magneto-optic  dependencies.  In 
this  report,  we  present  the  study  of  MLs  magnetic 
properties  by  comparative  analysis  of  magneto¬ 
optical  effects  (MOE)  and  spontaneous  Hall  ef¬ 
fect  (SHE),  taking  advantage  of  the  fact  that  the 
last  one  has  some  features  strongly  dependent  on 
the  magnetic  state  of  the  interface.  We  try  here 


tocompare  galvanomagnetic  properties  of  the  in¬ 
terface  to  the  properties  of  amorphous  series. 

Experiment 

The  set  of  amorphous  films  Tbj,.Fe]^^  (0<x<l) 
(AF)  and  three  series  of  Tb/Fe  MLs  with  the 
three  fixed  thicknesses  of  Fe  layer  (one  for  each 

O 

series)  dpg=  25,  15  and  8  A,  and  the  same  thick¬ 
nesses  of  Tb  layers,  dj^-=  5,  10,  16,  23,  31,  40  A 
for  all  series  were  prepared.  All  samples  were  elec¬ 
tron-beam  evaporated  from  two  independent 
sources  in  vacuum  conditions  without  oil  at  a 
pressure  no  more  than  10“"^  Torr  at  room  tem¬ 
perature  onto  glass  and  quartz  for  magnetoopti¬ 
cal  measurements  and  through  the  special  mask 
onto  ceramics  for  Hall  effect  ones,  respectively. 
The  instantaneous  rates  were  controlled  inde¬ 
pendently  for  Tb  and  Fe  with  quadruple  mass- 
spectrometer  and  with  two  quartz  crystal 
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Op  X 1 0‘^,  deg/cm  Oh  ,  deg 


Fig.l.  The  Faraday  rotation  and  Hall  angle  on  con¬ 
centration  of  Tb  for  Tb^Fe|_^  series. 


monitors  during  evaporation.  The  total  thickness 
of  the  films  in  amorphous  set  was  120  nm,  of 
MLs,  80-90  nm. 

The  crystallographic  structure  of  the  films  was 
examined  by  the  standard  diffraction  and  that  of 
the  layered  structures  by  small-angle  X-ray  dif¬ 
fraction,  respectively.  All  measurements  were 
done  at  300  K.  Magnetization  was  measured  by 
vibrating  sample  magnetometer.  Magnetooptical 
measurements  were  performed  in  the  reflection 
(Transverse  Kerr  effect,  TKE)  and  transmission 
(Faraday  effect)  regimes.  Magnetooptical  loops 
were  measured  in  the  magnetic  field  up  to  22  kOe 
at  the  He-Ne  laser  wavelength  (X  =  0.63p.).  Mag¬ 
nitudes  of  TKE  effect  were  measured  as  a  func¬ 
tion  of  H||  up  to  10  kOe.  Substrata  contribution 
to  the  Kerr  and  Faraday  rotation  was  subtracted. 
SHE  and  resistivity  were  measured  using  the  4- 
contact  technique  by  the  dc-method  in  the  fields 
up  to  10  kOe. 

Experimental  results 

A  characteristic  amorphous  X-ray  diffraction 
pattern  with  no  crystalhne  reflections  could  be 
observed  for  sample  compositions  0<x<0.50  of  I 
series.  The  layers  thicknesses  in  MLs  were  chosen 
in  such  a  way  aU  of  them  to  be  amorphous  [5]  and 
it  was  confirmed  by  X-ray  analysis.  For  the  three 
series  of  MLs,  small-angle  X-ray  diffraction  pat¬ 
terns  show  that  films  have  periodic  structure. 

The  Faraday  rotation  and  Hall  angle  for 
Tb^Fe,_^  are  plotted  in  Fig.l.  Both  data  being 
qufte  correlated  slowly  decrease  with  Tb  concen¬ 
tration.  Nevertheless,  some  difference  can  be  no¬ 
ticed  —  the  Faraday  rotation  has  only  positive 
sign  in  the  whole  range  of  concentrations  while 
Hall  angle  changes  the  sign  exactly  at  the  room 
temperature  compensation  composition  (rtcc). 


-3-2-10  1  2  H,  kOe 


Fig. 2.  The  Faraday  rotation  and  Hall  angle  for 
Tb/Fe  MLs  with  dpe  =  ^  ^  (a)  and  magnitudes  of 
TKE  effect,  6,  as  a  function  of  in-plane  field,  //||,  for 
the  same  set  (b).  Dependences  5-//||  in  Fig.2b,  3b,  4b 
are  mirror-reflected  in  the  negative  region  for  con¬ 
venience. 

Strong  correlation  between  the  Faraday  effect 
and  the  SHE  had  been  observed  in  [1]  and  the 
model  had  been  presented  where  the  Faraday  ro¬ 
tation  in  amorphous  alloys  was  attributed  to  an 
interaction  of  polarized  light  with  the  Hall-effect 
conduction  electrons.  We  shall  not  analyze  here 
this  model  in  details,  but  only  use  it  to  study  in¬ 
terface  in  MLs. 

The  dependences  of  Faraday  rotation  and 

Hall  angle  on  dj^  for  Tb/Fe  MLs  with  rfpe  =  25  A 
are  plotted  in  Fig. 2a.  Magnitudes  of  TKE-effect, 
6,  as  a  function  of  in-plane  field,  for  the  same 
set  are  shown  in  Fig. 2b.  Here,  5  =  Al/I,  where  I  is 
intensity  of  the  incident  light;  A7  is  the  change  of 
the  p-plane  polarized  reflected  light  intensity  due 
to  the  magnetizing  of  film.  The  character  of  these 
dependences  is  generally  determined  by  the  strong 
background  of  Fe-region  though  interface  begins 
to  reveal  itself,  too.  So,  increases  of  rfjb  fr®*” 
to  23  A  decreases  the  change  of  the  TKE  inten- 
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Fig. 3.  The  Faraday  rotation  and  Hall  angle  for 
Tb/Fe  MLs  with  ^Fe  “  •  5  A  (a)  and  magnitudes  of 
TKE  effect.  8,  as  a  function  of  in-plane  field,  for 
the  same  set  (b) 
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Fig. 4.  The  Faraday  rotation  and  Hall  angle  for 

O 

Tb/Fe  MLs  with  ^Fe  -  ^  (a)  and  magnitudes  of 

TKE  effect,  5,  as  a  function  of  in-plane  field,  for 
the  same  set  (b) 


sity.  Meanwhile,  the  character  of  the  Fe-depend- 

ence  remains.  Increase  of  tZ-j-b  to  31  and  40  A 
changes  significantly  the  form  of  TKE  depend¬ 
ence  at  low  fields  what  can  be  supposed  as  the 
manifestation  of  the  interface  effect.  Then  we  can 
assume  that  the  character  of  the  Hall-dependence 

o 

at  (/jij  >  20  a  is  determined  by  interface. 

A  similar  data  set  for  MLs  with  c/pg  “  15  A  is 
showi  in  Fig. 3a  and  Fig. 3b.  TKE  dependences 
show  that  interface  contribution  increases.  Start¬ 
ing  with  the  film  where  =  5  A,  the  interface 
effect  reveals  itself  in  the  form  of  ’break’  at  low 

fields  in  the  films  with  -  5  and  10  A.  In  the 

o 

film  with  djy^  =  16  A,  one  can  clearly  see  the  S-Z/y 
dependences  separately  in  the  Fe  layer  at  the 
fields  higher  than  I  kOe  and  in  the  interface  at 
low  fields.  In  the  first  case,  the  intensity  variation 
is  significantly  decreased  by  Tb-layer  influence.  In 
the  second  case,  the  effect  has  negative  sign.  Hall 
angle  in  this  film  has  negative  sign,  too  (Fig. 5a). 
At  the  further  increasing  of  djy^,  the  difference 


between  effect  of  Fe-layer  and  interface  on  b-Hy 
dependences  disappears  and  at  last,  in  the  films 

O 

with  =  31  and  40  A,  the  interface  influence 
reveals  itself  independently.  So,  we  can  conclude 
that  the  character  of  the  Hall-dependence  in 
Fig. 3a  is  determined  by  interface. 

Data  for  MLs  of  the  last  set  {dp^  =  8  A)  confirm 
that  it  is  just  the  interface  which  makes  the  main 
contribution  into  the  general  picture  of  magnetiza¬ 
tion  (Fig.4a,b).  Already  in  the  film  with  rfjt,  =  16  A, 
one  can  notice  saturation  in  b-T/y  dqiendences  at 
low  fields.  The  further  increasing  of  d-yy^  causes  the 
strong  decrease  of  the  change  in  transverse  Ken- 

effect  intensity.  In  the  films  with  (^jb  ~  31  and  40  A, 
one  can  even  observe  the  change  of  the  effect  sign, 
too. The  negative  sign  of  Faraday  effect  in  these 
films  supports  conclusion  concerning  the  main  con¬ 
tribution  of  the  interface  in  these  set  of  MLs.  So,  the 
character  of  the  Hall-dependence  in  Fig.4a  is  also 
determined  by  interface. 

In  Fig. 5,  the  SHE  loops  are  shown  for  two 
MLs:  for  15Fe/16Tb  (a)  and  for  8Fe/10Tb  (b).  It 
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Uh^IO^V 


Uh^IO®,  V 


Fig.5.  SHE-loops  for  two  MLs;  15Fe/16Tb  (a)  and 
8Fe/10Tb  (b) 

can  be  affirmed  that  there  are  the  loops  of  inter¬ 
faces.  The  complex  loop  in  Fig.5a  is  the  result  of 
the  summation  of  different  interfaces  in  this  ML, 
which  are  not  almost  the  same  and  have  slightly 
different  individual  loops  [6].  The  SHE  loop  for 
8Fe/10Tb  ML  (Fig.5b)  is  less  complex,  since  in¬ 
terfaces  in  this  ML  are  almost  the  same.  It  must 
be  emphasized  that  F6  atoms  are  dominant  in 
these  interfaces,  since  the  sign  of  Hall  voltage, 
is  positive  contrarily  to  the  interfaces  in 
15Fe/16Tb  ML  where  SHE  is  determined  by  Tb 
atoms  [7]. 

Discussion 

Let  us  consider  Fig. 2,  3  and  4  and  analyze  the 
SHE  dependences  in  interfaces  of  MLs.  One  can 
see  thaj,  at  decreasing  of  dpe  and  increasing  of 
dyj,.  HaU-angle,  0^,  increases  up  to  a  certain 
point  0^  s  1 .7  deg.  and  then  begins  to  drop. 

Fig. 6  and  Fig.7  show  dependences  of  resistiv¬ 
ity,  p,  and  Hall  resistivity,  p^,  respectively,  at  in¬ 
terface  building  in  the  cases  of  Fe  excess 


ResistivityxIO®,  Orn^cm 


Fig.6.  Dependences  of  resistivity,  p,  on  ~ 

the  ratio  of  Tb-  and  Fe-monolayers,  participating  in 

O 

interface  in  the  cases  of  Fe  excess  =  15  A)  and 

O 

Tb  excess  =  8  A). 


Hall  resistivity X 10®,  Omxcm 


Fig.7.  Dependences  of  hall  resistivity,  p^,  on 


((ipg  =  15  A)  and  Tb  excess  (dpe  =  8  A).  It  can  be 
seen  that,  during  the  interface  building,  the  values 
of  p  and  the  character  of  p(A-rij/N pg)  dependences 
for  these  series  are  different,  but  when  the  build¬ 
ing  of  interface  is  finished,  data  of  p  for  both 

series  (dpe  =  15  and  8  A)  are  quite  close  (Fig.6). 
The  same  can  be  said  as  to  p^  (Fig.7).  The  magni¬ 
tude  of  resistivity  is  determined  by  the  quantity  of 
Tb  atoms,  meanwhile,  the  Hall-scattering  is  deter¬ 
mined  by  Fe  atoms. 

The  main  data  on  interfaces  are  shown  in  the 
Table  1.  The  data  for  amorphous  series  are  also 
shown  there  for  comparison.  The  maximum 
value  of  spontaneous  Hall  coefficient,  R^,  is  ob¬ 
tained  in  ML  8Fe/23Tb,  in  which  interface  is 
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Data  on  Tl>-Fe  amorphous  films 


Tb,  at.  % 

M^,  Gs 

P/r/p> 

“leg 

R^,  pD  ■  cm/Gs 

7 

1600 

0.36 

0.20 

7.9- 10-5 

10 

830 

2.90 

1.67 

3.3- 10^ 

13 

100 

- 

- 

3.8- 10-2 

19 

50 

0.31 

0.18 

1.5-10-2 

22 

30 

0.43 

0.25 

3.2- 10-2 

22.5 

« 

70 

-0.98 

-0.55 

3.4-10-2 

31 

80 

-0.25 

-0.25 

6.0- 10"* 

Data  on  Tb/Fe  multilayers 


FeTTb, 

0  o 

A  /A 

H. 

Gs 

Pff/p> 

% 

deg 

pQ  ■  cm/Gs 

^'Tb/^Fe 

15/16 

150 

-0.57 

-0.33 

1.1-10-4 

0.76 

15/23 

210 

0.19 

0.12 

2.3- 10-5 

1.10 

15/31 

240 

0.52 

0.30 

4.0- 10-5 

1.48 

15/40 

220 

1.95 

1.10 

1.5-10"* 

1.90 

8/10 

430 

2.93 

1.70 

7.6-10-5 

0.88 

8/16 

180 

2.22 

1.30 

1.8-10"* 

1.40 

8/23 

130 

1.74 

1.00 

2.4-10"* 

2.00 

8/31 

180 

0.83 

0.48 

1.5-10"* 

2.63 

already  built,  =  2.4-10-4  mO  cm/Gs.  This 
value  is  approximately  one  order  lower  than 
the  same  coefficient  in  AF.  The  values  of  tan 
-  Ph^P  for  amorphous  films  and  for  the  in¬ 
terface  of  MLs  can  be  compared  to  that  value 
for  pure  iron,  tan  0^  =  p^/p  =  1.4-10-2  [8].  For 
the  interface  in  ML  8Fe/23Tb  this  value  is  quite 
close,  pjLflp=  1.74-10-2,  while  in  amorphous  se¬ 
ries  the  nearest  value  corresponds  to  composi¬ 
tion  10  at%Tb.  It  means  that  when  the  interface 
is  essentially  built,  mainly  Fe  atoms  determine 
the  scattering  in  magnetic  field. 

It  is  known  [8]  that  can  be  expressed  as 

R,  =  ap+Ap^ 

where  a  and  A  are  the  constants  of  proportional¬ 
ity,  which  characterize  asymmetric  scattering  and 
side  jump  mechanism  of  scattering,  respectively. 

In  Fig. 8,  we  plot  RJp  against  p  for  amor¬ 
phous  series  (Fig.8a)  and  for  MLs  with  rfpg  =  8  A 
(Fig. 8b).  One  can  see  that,  in  both  cases,  experi¬ 
mental  points  does  not  lay  on  the  straight  line, 
but  their  distributions  are  almost  the  same.  It  can 


Rg/P.  1/Gs 


Rg/p,  1/Gs 


Fig.8.  RJp  is  plotted  vs  p  for  amorphous  series  (a) 
and  for  MLs  with  ^Fe  =  8A(b) 


Fig.9.  Distribution  of  SHE  coefficient  in  Tb/Fe  inter¬ 
face. 
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be  concluded  that  neither  a  nor  A  are  nonzero, 
that  means  the  presence  of  asymmetric  scattering 
and  side  jump  mechanism  of  scattering  in  amor¬ 
phous  films  and  in  the  interface  of  MLs  as  well. 
Unfortunately,  these  experimental  data  does  not 
permit  to  evaluate  coefficients  a  and  A  neither  for 
amorphous  films  nor  for  the  interface  of  MLs. 

On  the  other  hand,  experimental  data  ob¬ 
tained  in  this  study  permit  to  draw  distribuUon  of 
SHE  coefficient  in  Tb/Fe  interface,  which  is  seen 
to  have  wave-interference  nature  and  is  shown  in 
Fig.9. 

Conclusions 

Analysis  of  three  sets  of  TKE  data  for  MLs 
permits  to  separate  the  contribution  of  the  inter¬ 
face  on  the  background  of  the  whole  signal.  Com¬ 
parative  analysis  of  Faraday-  and  SHE-data  for 
these  MLs  permits  to  conclude:  I)  Spontaneous 
Hall  coefficient  which  comes  from  an  asymmet¬ 
ric  scattering  and  side  jump  mechanism  of  the 
carriers  scattering  by  the  magnetic  atoms  and  at¬ 
tributed  to  spin-orbital  interaction  has  wave-in¬ 
terference  nature  of  distribution  in  Tb/F6 
interface  with  its  maximum  value  2.4-10“'*  pH 
cm/Gs  in  the  interface  with  A^Tb^^Fe  =  0.3-0.5, 
where  Nj^jINfe  is  the  ratio  of  Fe  and  Tb  mono- 
layers  participated  in  Tb— F6  interaction,  II)  The 


effective  composition  of  such  an  interface  is  near 
to  room  temperature  compensation  composition 
for  AF;  III)  This  value  of  R,  is  approximately  one 
order  lower  than  the  same  coefficient  in  AF. 
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rajibBaHOMaiuMTHbie  h  Marmixo-onTHHecKMe  cBoftcTBa 
MHorocjiOHHbix  njicHOK  Tb/Fe 

E.B.UlHnHJib,  A.H.noropejibiii,  JI.y6a,  C.y6a 

HsMepeHbi  aKBaxopnajibHbiH  Keppa,  3(i)(J)eKT  Oapanen  H  aHOManbHbiH  3(i)(J)eKT  ^oJina  b 

HCTbipex  cepnax  o6pa3UOB:  cepHH  aMop(})Hbix  nnenoK  Tb^Fe,_,  (0<x<l)  h  xpex  cepnax  mhopo 
cjiohLix  nnenoK  Tb/Fe.  Hcnojibaya  cpaBHHxejibHbin  anajiHa  H3MepeHHbix  3(t)(t)eKxoB, 

MarHHXHbie  cBOHOXBa  MeaccnoHHOH  rpanHUbi.  noKasano,  ixo  K03(t)(l)HUHeHX  anoMaabHoro  ^We^a 
Xr^a  cBa3aHHb.H  co  cnHH-opSHxaabHb.M  BaaHMOfleHCXBHeM,  npoaBnaex  cBoe  MaKCHManbHoe 
sHaaeHHe  2  410“'*  mkOm  cm/Tc  b  MeaccjioHHOH  rpanHue  c  3(J)(})eKXHBHbiM  cocxasoM  B6aH3H  cocxaBa 
”  “h“  UHH  npH  K T«nep.Typ-.  3to  npHMcpHO  »a  nop«.OK  H„,. 

ana  xoro  ace  K03(l)4)HUHeHxa  b  aMop^JHOH  cepHH. 
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Electron! igration  stability  of  Tl2Ba2CuOg^^  ceramics  was  shown  to  decrease  notably  when  the 
material  is  treated  in  water  vapor  atmosphere.  It  has  been  shown  that  the  decrease  in  these  samples 
is  accompanied  by  the  resistance  increase,  while  Seebeck  coefficient  S  remains  unchanged.  This  al¬ 
lowed  us  to  conclude  that  the  main  effect  comes  from  grain  boundary  degradation  under  the  current 
action.  For  the  initial  samples,  the  electromigration  stability  depends  strongly  on  the  sample  doping 
level  and  is  increased  for  the  materials  with  higher  oxygen  content.  The  effect  is  supposed  to  be  due  to 
the  filling  of  interstitials  in  TI-0  layers  by  oxygen  atoms. 

\  rioKaaaHO,  mo  cxadijibHicTb  KepaMiKH  Tl2Ba2CuOg+^  y  nporjecci  eneKTpoMirpaqii  cyrreBo 
SMeHLuycTbca,  siKUto  Marepiaji  BKTpHMaxH  b  axMOccJiepi  boahhhx  napis.  xaxnx  spaaKis  xapaK- 
xepno  3MeHUieHHa  xa  adiabineHna  eneKxpHBHoro  onopy,  npn  qbOMy  KoecJiiqieHx  xepMO-e.p.c.  S 
aajiHLuaexbCfl  HesMiHHHM.  Spodjieno  bhchobok,  ujo  xojiobhok)  niacxaBoio  jjjisi  uboro  e  /terpaflauia 
rpaHHitb  aepen  nifl  aieK)  ejieKxpHHHoro  cxpysiy.  Jlsisi  BHxiqHHX  apasKiB  ejieKxpoMirpaqiHHa  cxadijib- 
Hicxb  SHaHHOK)  Mipoio  aanoKMXb  Biq  piBHa  jieryBaHna  i  apocxae  b  Maxepiajiax  3  Gijibtu  bhcokhm 
BMicxoM  KHCHK).  IIpHnycKaexbca,  mo  iten  eijjeKX  noB’aaaHHH  is  sanoBHeHHHM  BaKaHcin  y  Tl— O  mapax 

aXOMaMH  KHCHK). 


Introduction 

Oxide  high-r,.  superconductors  are  known  to 
be  metastable  compounds  and  to  degrade  quickly 
under  the  influence  of  the  ambient  factors,  mainly 
water  vapor  and  carbon  dioxide,  different  chemi¬ 
cal  reagents  and  thermal  cycling  [1,2].  Rajan  et  al. 
[3]  have  shown  that  the  compounds  may  degrade 
under  the  long-term  high  density  current  flow  as 
well,  and  the  General  Physics  Institute  group 
have  shown  that  the  phenomenon  of  the  elec¬ 
tromigration  proceeds  even  under  supercon¬ 
ducting  current  [4].  Recently,  Mitin  et  al.  [5]  have 
shown  that  by  the  electromigration  treatment  at 
the  hquid  nitrogen  temperature  it  is  possible  to 
increase  essentially  U  for  Tl2Ba2CuOe+^  com¬ 
pound. 

It  is  known  that  at  low  temperatures 
(T  <  O.ST^j,  is  melting  point  for  material)  the 


main  path  for  ion  movement  in  metals  is  formed 
by  the  grain  boundaries  [6].  That  is  why  it  may  be 
of  interest  to  study  grain  boundary  treatments 
effect  on  electromigration  process  in  the  oxide 
high-T^  superconductors. 

In  this  article  we  report  the  electromigration 
studies  in  Tl2Ba2CuO0+^  compound  at  room  tem¬ 
perature.  The  reasons  to  choose  the  compound 
were  (i)  very  high  sensitivity  of  its  and  normal 
state  properties  to  oxygen  stoichiometry  [7,8],  {ii) 
the  possibility  to  obtain  overdoped  materials  with 
bipolar  conductivity  and  thus  to  study  electron 
wind  effects,  and  {Hi)  the  lack  of  the  stoichiomet¬ 
ric  vacancies  in  the  Tl-O  layers,  contrary  to  the 
YBa2Cu30-7_^,  able  to  promote  accelerated  ion 
movement. 
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R,  mOhm  cm 


Fig.  1.  Resistance  vs  temperature  curves  for 
TIjBajCuOg+jj  samples:  (1)  as  obtained  and  (2)  heat 
treated  in  argon  at  670  K.  The  notations  i,c  and  a 
refer  to  initial  sample  and  cathode  and  anode  r^ions 
of  current-treated  sample,  respectively. 

Experimental 

High  density  ceramics  obtained  by  two-stage 
solid  state  reaction  was  used  in  the  studies.  The 
samples  were  obtained  by  mixing  BaCu03  and 
CuO  in  1:1  molar  ratio  and  sintering  the  mixture 
at  1 123  K  for  2  hours.  The  product  was  grinded, 
mixed  with  TI2O3  in  1.4:1  molar  ratio,  pressed 
into  the  pellets  16  to  20  mm  in  diameter  and  sin¬ 
tered  at  1 123  K  for  8  hours  in  the  oxygen  flow  [9]. 
Sample  bars  with  typical  10x0.3x0.1  mm^  dimen¬ 
sions  were  cut  from  the  peUets  and  used  in  the 
studies.  Samples  as  obtained  (li,  hereafter)  had 
superconducting  transition  temperature  Tp 
20±0.5  K.  To  obtain  higher  the  samples  were 
annealed. at  620-670  K  for  6  to  12  hours  in  the 
argon  atmosphere.  Samples  so  treated  (2i,  hereaf¬ 
ter)  had  Tp  of  82±0.5  K  (see  Fig.  1).  Resistivity  p 
for  the  both  samples  was  in  the  range  1  to 
3  mOhm-cm.  Some  of  the  li  and  li  samples  were 
exposed  in  saturated  water  vapor  at  room  tem¬ 
perature  for  48  hours.  Before  this  treatment,  the 
vessel  with  the  sample  was  pumped  to  exclude 
carbon  dioxide  effect,  after  the  removal  from  the 
vessel  the  sample  was  dried  by  heating  to  373  K  in 
vacuum  for  15  minutes.  The  samples  obtained 
(hereafter  HI/  and  H2/  for  1/  and  li,  respectively) 
had  the  same  as  initial  ones,  but  their  resistiv¬ 
ity  increased  typically  by  5  to  10  percent.  8  Oh¬ 
mic  indium  contacts  were  alloyed  by  ultrasonic 
soldering  procedure  along  the  sample  length,  con¬ 
tact  re^stances  were  typically  below  0.1  Ohm. 
DC  current  of  0.2  to  2  A  was  passed  through  the 
sample,  the  voltage  drop  at  the  inner  contacts  was 
controlled  and  the  current  had  been  regulated  in 
such  a  way  that  the  sample  temperature  increase, 
determined  from  the  resistance  change,  was  al- 


Tablel. 


sample 

type 

No. 

h 

kAcm“^ 

e. 

MCcm“^ 

p. 

mDcm 

T 

'  c’ 

K 

s. 

pV/K 

It 

- 

- 

1.2 

20.2 

-2.2 

Ic 

1 

1.2 

1 

1.2 

20.2 

-2.2 

Ic 

2 

1.2 

10 

1.1 

20.2 

-2.2 

Ic 

3 

2 

10 

1.1 

20.4 

-2.3 

la 

1 

1.2 

1 

1.2 

20.2 

-2.2 

\a 

2 

1.2 

10 

1.1 

20.2 

-2.2 

la 

3 

2 

10 

1.1 

20.1 

-2.1 

li 

- 

- 

2.5 

83.5 

+2.7 

2c 

1 

1.5 

1 

2.5 

84.5 

+2.9 

2c 

2 

1.5 

3 

2.6 

85.2 

+3.2 

2c 

3 

1.5 

10 

2.6 

86.0 

+3.5 

2a 

1 

1.5 

1 

2.5 

83.0 

+2.5 

2a 

2 

1.5 

3 

2.5 

82.5 

+2.4 

2a 

3 

1.5 

10 

2.4 

82.0 

+2.3 

Hli 

- 

- 

1.3 

20.2 

-2.2 

Hlc 

1 

1.4 

1 

1.5 

19.0 

-2.2 

Hlc 

2 

1.4 

10 

2.1 

17.0 

-2.2 

Hla 

1 

1.4 

1 

1.7 

18.7 

-2.2 

Hla 

2 

1.4 

10 

2.0 

17.4 

-2.2 

H2i 

- 

2.7 

83.4 

+2.5 

H2c 

1 

2.2 

1 

3.5 

82.2 

+2.5 

H2c 

2 

2.2 

10 

5.1 

78.0 

+2.5 

H2a 

1 

2.2 

1 

3.7 

81.7 

+2.5 

H2a 

2 

2.2 

10 

5.0 

77.4 

'+2.5 

ways  below  10  K.  Periodically,  R(T)  curves  were 
measured  on  different  parts  of  the  sample  (probe 
current  for  resistance  measurements  was  1  mA). 

Seebeck  effect  S  studies  were  performed  by  al¬ 
ternating  gradient  technique  [10]  on  the  initial  sam¬ 
ples  and  on  the  parts  of  the  samples  cut  after  the 
electromigration  treatment  from  the  sample  bar. 

Electron  probe  microanalyzis  (EPMA)  of  the 
samples  was  performed  with  the  JCXA-733  ana¬ 
lyzer  at  the  probe  voltage  15  kV. 

Results  and  discussion 

The  electrical  current  flow  (current  density  j  be¬ 
low  3  kA-cm"^  leads  to  substantial  sample  proper¬ 
ties  changes  ( Table  1).  The  most  interesting  effect 
is  the  Tp  increase  up  to  2.5  K  at  the  cathode  (2c,  Fig. 
1)  and  its  decrease  by  nearly  the  same  amount  near 
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R,  mOhm  cm 


Fig.  2.  Resistance  vs  temperature  curves  for 
Tl2Ba2Cu06+^  sample  1:  as  obtained  (li),  after  water 
vapor  treatment  (Hl()  and  after  current  treatment 
(HIc  and  HI  a). 

anode  (2a,  Fig.  1)  after  passing  electrical  charge  Q 
of  10-10®  C-cm“^  through  the  sample  2i,  analogu- 
osly  to  Mitin  et  al.  results.  For  the  sample  FI2/,  the 
resistivity  increases  homogeneously  along  the  sam¬ 
ple  length  at  a  rate  of  10^'®  Ohm-C^'-cm  and  the 
decreases  by  2-2.4  K  after  passage  of  10®C-cm“^  ( 
Fig.  2,  curves  H2a,  H2c)  and  by  almost  6  K  for 
10-10®  C-om”^.At  the  same  time,  changes  of  for 
the  sample  1;  after  passage  of  10-10®  C-cra“^  charge 
never  exceeded  0.5  K,  and  for  the  water  vapor 
treated  sample  Hli,  monotonous  decrease  and 
resistivity  increase  was  also  typical.  Reference  sam¬ 
ples  of  li,  2i,  Hli  and  H2i  type  showed  neither  the 
resistivity  nor  the  changes  when  stored  for  the 
time  of  electromigration  treatment.  This  allows  us 
to  ignore  degradation  of  the  samples  due  to  the 
ambient  effect. 

To  study  the  origin  for  changes,  chemical 
composition  along  the  samples  length  was  studied 
by  means  of  the  EPMA  technique.  The  results 
have  shown  that  concentrations  of  both  heavy 
atoms  (Tl,  Ba,  Cu)  and  oxygen  remain  un¬ 
changed,  within  experimental  uncertainty,  for  all 
the  four  sample  types.  As  the  oxygen  content  is 
rather  hard  to  determine  with  the  sufficiently  high 
accuracy  in  this  experiment,  it  was  estimated 
qualitatively  by  using  the  room-temperature  See- 
beck  coefficient  S  value.  It  was  shown  that  the  S 
value  in  the  cathode  region  increases  from  -b2.7  to 
3.5  pV/K.  This  increase  is  typical  for  the  de¬ 
creased  doping  level  in  the  materials  due  to 
smaller  oxygen  content  [8].  In  the  anode  region  of 
the  sample,  S  decreased  to  2.3  pV/K,  evidencing 
increased  doping  level.  For  the  other  samples,  S 
value  was  usually  unchanged. 


The  results  obtained  have  shown  that,  for  the 
water  vapor  treated  samples,  the  decrease  and 
the  resistance  increase  are  typical,  though  S  re¬ 
mains  unchanged.  Tliis  behavior  may  be  related 
with  the  degradation  of  the  sample  grain  bounda¬ 
ries,  not  the  grains  by  theirselves.  Increased  resis¬ 
tance  of  the  samples  after  vapor  treatment  is  the 
strong  evidence  that  some  perturbations  of  the 
grains  take  place,  and  probably  they  promote  fur¬ 
ther  sample  degradation  at  the  grain  boundaries. 

As  to  the  untreated  samples,  we  can  conclude 
that,  as  a  result  of  the  current  treatment,  oxygen 
atoms  migrate  from  the  cathode  towards  the  anode, 
quite  in  the  accordance  with  the  oxygen  anion  nega¬ 
tive  charge  and  contrary  to  the  hole  flow  direction 
in  the  material.  This  may  evidence  that  either  elec¬ 
tronic  wind  phenomenon  is  not  of  the  prime  impor¬ 
tance  for  such  layered  compounds  with  separated 
rather  far  hole-conducting  Cu-O  layer  and  oxygen 
conducting  Tl-O  layers,  or  in  the  materials  are  in 
fact  electronic  conductors  as  it  should  be  according 
to  the  band  strueture  calculations,  and  all  anoma¬ 
lous  transport  phenomena  are  due  to  strong  carrier 
coupling  with  some  exitations  in  the  lattice.  How¬ 
ever,  a  strong  dependence  of  the  migration  velocity 
on  the  material  doping  level,  namely,  its  essential 
decrease  for  the  stronger  doped  materials,  allows  us 
to  conclude  that  this  is  not  an  effect  of  the  wind  but 
rather  that  of  the  o.xygen  interstitials  filling  in  the 
stronger  doped  materials.  This  allows  us  to  con¬ 
clude  that  the  main  driving  force  for  the  ion  migra¬ 
tion  in  the  materials  is  the  direct  electrostatic  force 
acting  on  the  oxygen  atoms  in  the  Tl-O  layers 
which  are  the  most  free  to  move.  However,  a  strong 
dependence  of  the  effect  on  the  grain  boundary 
treatments  allows  us  to  conclude  that  the  essential 
role  may  be  played  by  the  local  overheating  in  the 
weak  intergranular  links  and/or  creation  of  the  nu- 
cleation  centers  for  new  phase  formation  by  the  ad¬ 
sorbed  water  molecules.  The  same  may  be 
evidenced  by  the  much  larger  effects  observed  in 
the  Tl2Ba2CuOg+^.  compound  cooled  to  the  liquid 
nitrogen  temperature  [5],  since  much  higher  cur¬ 
rent  densities  are  used  in  those  experiments. 
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BjiHHHHe  o6pa6oTKH  noeepxHocTH  Ha  cxaSHJibHOCTb 
OKCHUiHbix  BbicoKOTeMnepaxypHbix  ceepxnpoBOZiHHKOB 
B  npoiiecce  3JieKxpoiviHipaiJiHH 

M.A.TaHaxap,  B.C.EtJiaHOB,  A.H.Akhmob,  A.n.MepHUKOBa 

IIoKaaaHO,  hto  craSHJibHOCTb  KepaMHKH  Tl2Ba2Cu05+jj  b  npoqecce  aJieKxpoMHrpauHH  cymecTBeHHo 
yMeHbiuaercsi,  ecJiH  MaxepHaji  BbiflepacaTb  B  axMoc^Jepe  napoB  BOflbi.  /(mi  xbkhx  oOpaauoB  xapaKxepno 
yMCHbuieKHe  h  yBejiHHCHHe  conpoxHBJieHHa,  npn  3Xom  KoacJxjiHUHeHX  xepMO-a.^  c.  S  ocxaexca 
HeH3MeHHbiM.  CflejiBHo  saKJiioHeHHe,  Hxo  ocHOBHOH  npHHMHoii  3X0X0  aBJieHHH  flBJiaexca  flerpaflauHa 
rpaHHu  3epeH  nofl  flCHCXBHeM  3JieKxpH‘iecKoro  xoKa.  /(Jia  hcxootwx  o6pa3UOB  cxadHBbHocxb  b 
npouecce  3JieKxpoMHrpauHH  cHJibHO  sasHCKX  ox  ypoBHa  jiexHpoBaHHa  h  B03pacxaex  b  Maxepnajiax  c 
SoJiee  BbicoKHM  co;tep)KaHHeM  KK,cjiopofla.  npepnoJiaraexca,  hxo  34)(|)eKX  cBa3aH  c  3anoaHeHHeM 
BaKaHCHH  B  Tl-O  cnoax  axoMaMH  KHcnopofla. 
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Positron  spectroscopy  of  YBa2Cu307  with  physically 
and  chemically  adsorbed  molecules  of  water 


V.T.Adonkin,  B.M. Gorelov  and  V.M.Ogenko 


Institute  for  Surface  Chemistry,  National  Academy  of  Sciences  of  Ukraine, 

3 1  Nauki  Ave.,  252650  Kiev,  Ukraine 

The  effect  of  physical  and  chemical  adsorption  of  water  molecules  on  the  defect  spectrum  and 
electron  density  of  YBa2Cu307  high-T^  superconductor  was  investigated  by  method  of  lifetime  posi¬ 
tron  spectroscopy  and  X-ray  diffraction  analysis.  YBa2Cu307  ceramic  samples  were  investigated  after 
exposure  during  different  time  in  saturated  water  vapour  at  21  °C.  The  physical  and  chemical  adsorp¬ 
tion  were  separated  by  variation  of  exposure  time.  At  the  adsorbate  mass  0  <  w  <  1 .2  %  physically 
sorbed  water  multilayer,  decreases  the  annihilation  rate  (kj)  from  5.5  to  4.75  ns“’  and  affects  non- 
monotonously  the  capture  rate  (v).  At  the  absorbate  mass  is  /n  <  0.6  %,  v  is  decreased  from  0.71  to 
0.99  ns“' ,  and  with  nt  rise,  v  is  decreased  to  initial  value  at  w  »  1  %.  In  addition,  the  action  of  physically 
sorbed  water  multilayer  reduces  the  c  parameter  of  crystal  lattice,  whereas  a  parameter  remains 
unchanged.  The  action  of  chemically  sorbed  water  multilayer  does  not  change  the  annihilation  and 
crystal  lattice  parameters  in  the  range  1 .2  <  m  <  5  %.  At  w!  >  5  %,  Xy  and  v  are  abruptly  decreased.  The 
effect  of  physically  sorbed  water  molecules  is  ascribed  to  redistribution  of  Ba  and  Cu  ions  between  the 
bulk  and  surface  layer  of  YBajCujO^  stimulated  by  electric  field  of  water  dipoles.  The  effect  of 
chemical  adsorption  is  caused  by  formation  of  the  new  phases  in  YBajCujO^  crystal  lattice. 


IIoKaaaHO,  ujo  ({lionuHO  copdoBannH  nojiimap  boot,  kojih  Maca  aOTopbary  0  <  w  <  1 .2  %,  aMenuiye 
uiBHOTicTb  anirijiHuii  (ky)  3  5.5  no  4.75  hc“*  i  HeMOHOxoHHO  aMiuioe  uiBHOTicTb  saxoniienna 
no3HTpoHiB  (v).  Kohh  inaca  ancopbaxy  m  <  0.6  %,  v  aOinbrnyerbca  3  0.71  no  0.99  nc"’  xa  3  pocxoM  m 
uiBHnKicxb  saxonJieHHa  3MeHUiyexbCfl  no  OHauenna,  xapaKxepnoro  asm  m  «  1  %.  BnnnB  (JiionuHO 
copboBanoro  nojiiuiapy  Bonn  aMinioe  napaMerp  c  KpHcrajiiHHoi  rpaxKH,  aannuiaKiHH  neoMiHHHM 
napaMexp  a.  XiMiano  copboBana  Bona  ne  oMinioe  napaMerpn  aHirijiaqii  xa  KpHcrajiiHHoi  rpaxKH  a* 
no  3HaHeHb  1.2  <  w  <  5  %.  Kojih  m>  5  %,  kyxa  v  pioKO  aMeniuyioxbca.  EtJjeKX  ({lioHUHO  copboBanoi 
BonH  noacHioexbCH  nepeposnoniJioM  ioniB  bapia  xa  Mini  Mi*  ob’cMOM  xa  noBepxneBHM  mapoM, 
CTHMyJibOBaHHM  ejieKxpHHHHM  nojieM  nnnojiiB  Bonn.  E4)eKX  xiMinnoi  ancopbqii  obyMOBJienHH 
yxBopeHHHM  HOBHx  (Jiao  B  KpHcraJiiuHiH  rpaxqi  YBa2CU307. 


Introduction 

In  the  degradation  process  of  ¥68200307^ 
high  temperature  superconductors  in  water  va¬ 
pour,  two  stages  can  be  recognized  [1,2].  In  the 
first  stage,  the  layer  of  physically  sorbed  water 
molecules  is  formed  on  the  superconductor  sur¬ 
face.  With  the  rise  of  exposure  time  the  layer 
thickness  is  increased,  and  when  that  thickness 

O 

attains  approximately  200-500  A,  the  chemisorp¬ 
tion  processes  begins.  During  chemisorption,  the 
bound  states  of  hydroxyl  groups  are  formed  and 
their  quantity  is  increased  with  the  rise  of  the 


adsorption  time.  Besides,  the  part  of  water  and 
hydroxyl  groups  diffuses  in  the  bulk  of  crystal 
lattice.  These  two  processes  of  chemical  adsorp¬ 
tion  give  rise  to  loss  of  superconductivity.  The 
effect  of  physical  adsorption  is  usually  weaker 
than  that  of  the  chemisorption.  However,  if  the 
electrical  field  of  adsorbed  water  dipoles  is  strong 
enough  for  stimulation  of  diffusion  in  the  bulk 
adsorbent  [3],  the  redistribution  of  defect  spec¬ 
trum  may  be  observed.  In  YBa2Cu307_g,  the  en¬ 
richment  of  surface  layer  in  barium  ions  and 
depletion  in  copper  ions  under  action  of  physi¬ 
cally  sorbed  water  multilayer  was  observed  [2,4]. 
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It  can  be  supposed  that  the  change  of  surface 
elemental  composition  is  caused  by  ion  exchange 
between  bulk  crystal  and  surface  layer.  If  this  is 
true,  the  ion  exchange  and  formation  of  Ba  and 
Cu  vacancies  may  be  manifested  in  the  lifetime 
spectra  of  positron  annihilation. 

In  this  paper  the  effect,  of  physically  and 
chemically  sorbed  water  molecules  on  the  elec¬ 
tron  density  of  copper-oxygen  bonds  and  the  de¬ 
fect  spectrum  was  investigated  in  YBa2Cu307_^ 
high  temperature  superconductor. 

Samples  and  experimental  details 

The  ceramic  samples  of  YBa2CU307_g  with 
0  <  5  <  0.07  were  studied.  The  samples  had  den¬ 
sity  5.5  g/cm“^,  average  grain  size  10-30  pm,  the 
critical  temperature  and  transition  width  were 
«91  Kand  1.5  K,  respectively. 

The  adsorption  of  water  molecules  was  real¬ 
ized  at  ~19  Torr  pressure  and  21  °C  on  samples 
preannealed  in  10“^  Torr  vacuum  and  150-180  °C 
temperatures  for  ~2  hours.  The  physical  and 
chemical  adsorption  were  separated  varying  the 
exposure  time.  At  short  exposure  times 
(t  <  120  min)  and  adsorbate  mass  w  <  1.2  %,  the 
effect  of  physically  sorbed  water  multilayer  domi¬ 
nates.  At  t  >  120  min,  w  >  1.2  %,  the  formation 
of  chemisorbed  states  and  diffusion  of  water 
molecules  in  the  bulk  crystal  are  observed.  After 
completing  the  exposure  time,  the  water  multi¬ 
layer  was  removed  from  HTSC  surface  to  con¬ 
serve  of  adsorption  effect.  Before  lifetime  and 
X-ray  measurements  the  samples  are  conserved  in 
ambient  conditions.  The  storage  in  such  condi¬ 
tions  does  not  influence  on  the  adsorption  effect. 
Every  sample  was  undergone  singly  to  adsorbate 
action. 

The  positron  Ufetime  measurements  were  per¬ 
formed  at  room  temperature  using  "Ortec"  spec¬ 
trometer  with  FHWM  resolution  of  220  ps.  The 
lifetime  spectra  were  characterized  by  two  com¬ 
ponents  Tj  —  the  annihilation  times  of  free 
positrons  and  positrons  captured  by  traps,  re¬ 
spectively,  with  intensities  of  1 2-  From  the  data 
obtained,  the  annihilation  rate  (Jy)  and  capture 
one  (v)  were  calculated. 

Results  and  discussion 

The»experimental  data  are  summarized  in  Ta¬ 
ble.  Analysis  of  adsorption  effect  may  be  per¬ 
formed  using  the  and  v  dependences  on 
adsorbed  water  quantity  which  are  shown  in 
Fig.l  and  2.  In  figures,  the  various  point  symbols 
correspond  to  three  types  of  YBa2Cu307  samples 


Table.  Annihilation  lifetimes  for  YBa2CU307  before 
and  after  water  absorption. 


T,,PS 

/„% 

x,ps 

0“ 

149±13 

61.5±5 

248£25 

38.515 

0 

170±5 

83.8±5 

331±37 

16.215 

0* 

162±6 

71.6±5 

301±15 

28.415 

0.15* 

168±6 

74.8±4 

318±19 

25.215 

0.56* 

159±10 

63.5±9 

281±18 

36.518 

0.62 

188±5 

80.2±4 

394±28 

19.814 

0.82* 

173±7 

65.8±6 

312±14 

34.216 

1.1* 

184±6 

73.6±4 

351117 

25.414 

1.14 

180±9 

69.1±9 

321i28 

30.919 

1.50* 

205±5 

9.2±4 

380±23 

20.814 

2.91 

180±7 

59.9±6 

347±26 

40.116 

3.29° 

184±10 

73.3±5 

332130 

29.715 

4.88 

182±9 

67.8±7 

336121 

32.217 

5.0° 

188±1 

71.1±7 

347121 

28.918 

5.12° 

198±8 

76.7±6 

361124 

23.316 

5.25 

201±7 

79.5±5 

370125 

20.515 

Upper  symbols  denote  three  types  of  YBa2CU307  samples. 

prepared  from  different  ceramics  blocks.  Three 
regions  of  different  behavior  of  Xy(m)  and  v(ni) 
dependences  can  be  distinguished.  In  the  first  re¬ 
gion,  where  0  <  m  <  1.2  %,  the  effect  of  physically 
sorbed  water  multilayer  takes  place.  This  region 
is  characterized  by  smooth  Xj-  decrease  and  un- 
monotonous  v  behavior.  In  the  second  region, 
when  1.2  <  m  <  5  %,  and  third  one,  m  >  5  %,  the 
effect  of  chemisorption  occurs.  However,  at 
1.2<m<  5  %,  the  annihilation  parameters  are 
unchanged  whereas  at  m  >  5  %,  the  Xy  and  v  are 
abruptly  decreased.  It  should  be  noted  that,  at 
0  <m  <  1.2  %,  the  parameter  c  of  the  crystal  lat¬ 
tice  is  reduced  from  1 1.670  A  to  1 1.658  A  while  a 
parameter  is  unchanged.  In  the  range 
1.2<m<  5  %,  c  and  a  parameters  are  constant 
and  at  m  >  5  %,  the  parameter  a  increases  from 

3.837  A  to  3.831  A  whereas  c  is  reduced  to 
ll!653  A. 

Thus,  the  effect  of  physically  sorbed  water 
multilayer  gives  rise  to  the  Xy  decrease  and  un- 
monotonous  v  behavior.  The  behavior  of  annihi¬ 
lation  parameters  points  to  the  lowering  of 
electron  density  of  Cu1  oxygen  bonds  and  un- 
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Annihil.  Velocity,  1/ns 


Fig.l .  Water  adsorption  effect  on  annihilation  rate, 


Capture  speed,  1/ns 
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Fig. 2.  Water  adsorption  effect  on  capture  rate. 


monotonous  changes  of  defects  concentration  in 
the  crystal  lattice.  This  effect  can  be  expalined  by 
ion  exchange  between  the  bulk  and  surface  layer 
of  YBa2Cu307  crystallites.  In  the  electric  field  of 
sorbed  water  dipoles,  Ba  ions  diffuse  to  the  sur¬ 
face  forming  the  vacancies  in  the  crystal  lattice. 
This  process  causes  an  increases  of  the  v.  In  the 
surface  layer,  the  excessive  Ba  ions  force  out  Cul 
ions  from  lattice  sites  which  migrate  in  the  bulk 
crystal  compensating  the  charge  of  Ba  ions. In  the 
process  of  ion  exchange,  the  part  of  Cul  ions 
probably  occupies  the  Ba  positions  and  vice 
versa.  Such  substitution  decreases  the  defect  con¬ 
centration  but  puts  04-Cu1-01  bonds  in  disor¬ 
der.  Both  processes,  namely,  the  formation  of 
vacancies  and  disordering  of  copper-oxygen 
bonds,  result  in  the  decrease  of  electron  density  of 
04-Cu1-01  bonds.  Besides,  the  formation  of 
cation  vacancies  gives  also  rise  to  the  reduction  of 
c  parameter  of  the  crystal  lattice.  It  should  be 
noted  that  the  layer  where  the  ion  e.xchange  takes 
place  probably  is  the  intermediate  one  between 
the  surface  and  bulk  crystal  which  is  not  under¬ 
gone  the  action  of  physically  sorbed  water  mole¬ 
cules. 

The  formation  of  chemisorption  states  and 
the  diffusion  of  water  molecules  in  the  crystal 
bulk  at  1.2  <  m  <  5  %  does  not  affect  the  defect 
concentration  and  electron  density  of 
04-Cu1-01  bonds.  The  absence  of  effect  can  be 
ascribed  to  the  localization  of  water  molecules  in 
the  lattice  places  which  are  inaccessible  or  insensi¬ 
tive  for  positrons  and  to  the  chemisorbed  states 
formation  without  changes  of  electron  density  of 
copper-oxygen  bonds. 

The  essential  changes  of  Xj-  and  v  at  m  >  5  %. 
point  to  the  abrupt  decrease  of  electron  density  of 
copper-oxygen  bonds  and  defect  concentration. 


These  processes  are  accompanied  by  a  rise  of  a 
parameter  and  reduction  of  c  parameter  of  crystal 
lattice.  Such  behavior  of  anniliilation  and  crystal 
lattice  parameters  may  be  caused  by  the  forma¬ 
tion  of  new  phases  in  YBa2Cu307  crystal  lattice. 
This  may  be  the  compounds  of  metal  ions  v/ith 
hydroxyl  groups  defects.  The  formation  of  inho¬ 
mogeneous  regions  results  in  the  disordering, 
lengthening  of  copper-oxygen  bonds  and  decrease 
of  their  electron  density,  and  healing  of  crystal 
lattice  defects. 


Conclusion 

Thus,  the  effect  of  physically  sorbed  water 
molecules  gives  rise  to  the  decrease  of  electron 
density  of  04— Cul— 01  bonds  and  unmono- 
tonous  change  of  defect  concentration.  The  effect 
chemically  sorbed  water  has  a  jump-like  charac¬ 
ter.  At  the  adsorbate  mass  m  <  5  %,  the  electron 
densry  and  defect  concentration  are  unchanged. 
At  in  >  5  %,  the  electron  density  and  concentra¬ 
tion  defects  are  abruptly  decreased. 

We  are  grateful  to  Dr.  V.S. Melnikov  for 
X-ray  measurements  and  to  Dr.  V.V.Dyakin  for 
discussions. 
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nosuTpoHHan  cneKTpocKonMH  YBa2Cu307  c  ([)M3MMecKM  m 

XHMHHeCKM  a^COpSHpOBaHHblMH  MOJieKyJiaMM  BO;ibl 

B.T.Ajiohkhh,  B.M.ropejiOB,  B.M.OreHKO 

rioKasaHO,  HTO  (})H3HMecKH  copGHpoBaHHbiH  noJiHOiOH  Bo;ibi,  Korfla  Maoca  a;icop6aTa  0  <  w  <  1 .2  %, 
yMeHbuiaer  CKopocTb  aHHHrmiaqHH  (XJ)  c  5.5  ao  4.75  hc”’  h  HeMOHOTOHHO  HaMCHfler  CKopocTb  laxBaTa 
n03HTp0H0B  (v).  KoFfla  Macca  a.acop6aTa  m  <  0.6  %,  v  yBenHHHBaerrca  c  0.71  flo  0.99  hc"'  h  c  pocroM  m 
CKopoCTb  aaxBaxa  yMCHbuiaerca  .ao  BCJiHHHHbi,  xapaKxepHOH  ana  1  %.  BoaaeficxBHe  4)H3HHecKH 
cop6HpoBaHHoro  nojiHcnoa  Boabi  HaMCHaer  napaiviexp  c  KpHcxaiuiHaecKOH  pemexKH,  ocraaaaa  HeHSMCHHbiM 
napaviexp  a.  XHMHMecKH  cop6HpoBaHHaa  Boaa  He  HaMCHaer  napaMexpbi  aHHHxmiauHH  h  KpHCxajuiHHecKOH 
peuiexKH  BriJioxb  ao  aHaaeHHH  1.2  <  m  <  5  %.  Koraa  m>  5  %,  k  v  pesKO  yMCHbiuaioxca.  34x{)eKx 
4)H3iiHecKH  cop6HpoBaHHOH  Boabi  oebacHaexca  nepepacnpeaeJieHHeM  hohob  6apHa  h  Mean  Meacay  oe-beMOM 
H  noBepxHocTHbiM  caoeM,  cxHMyaHpoBaHHbiM  aaeKxpHaecKHM  noaeM  aHnoaen  Boabi.  3(J)(})eKX  xHMHHecKOH 
aacopOuHH  oSycaoBaeH  o6pa30BaHHeM  hobbix  4)33  b  KpHcraaaHHecKOH  peiuexKe  YBa2Cu307. 
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1  Akademicheskaya  St.,  310108  Kharkov,  Ukraine 

Possibilities  to  control  the  structural  properties  of  heterophase  carbon  condensates  are  discussed. 
The  process  of  heterophase  condensates  growth  is  simulated  by  numerical  methods  taking  into  ac¬ 
count  correlations  of  atoms  arrangements,  and  percolation  characteristics  of  model  condensates  are 
studied  in  relationship  with  the  correlation  degree  of  the  atomic  arrangement  with  different  local 
ordering  types.  The  percolation  thresholds  and  critical  indices  for  the  conductivity  and  cluster  size 
distribution  are  found.  It  is  established  that  the  threshold  concentration  is  very  sensitive  to  correlation 
changes  while  critical  indices  are  essentially  independent  of  them.  An  euristic  criterion  is  proposed  to 
find  the  threshold  concentrations  in  the  presence  of  correlations  which  is  applicable  to  any  lattice  type. 

OfiroBopioioTbca  MoxjiHBOcri  ynpaBJiinna  crpyKTypHHMH  BJiacruBocxaMH  ByrjieqeBHX  reTepo(j)a3- 
HHX  KOH^aencaxiB.  HncejibHHMH  MeronaMH  SMoneiibOBaHO  nponec  pocry  rerepocJ^asHHX  KOH/jeHcariB  3 
ypaxyBaHHHM  Kopejinuift  y  B3aeMHOMypo3TamyBaHHi  axoMiB  i  BHEHeni  nepKOJiauinni  xapaKxepncxHKu 
MonejibHHX  KOHflencaxiB  y  aajiexcnocxi  Bifl  cxynena  Kopejwqii  BsaeMHoro  posxainyBaHHa  axoMiB  3 
pisHHMH  xnnaMH  jioKaJibHoro  nopanxy-  3HaH/5eH0  noporn  npoxiRanna  xa  KpHXHUHi  inneKcn  jyia 
npoBiflHocxi  i  posnoflijiy  KJiacxepiB  3a  posiaipaMH.  ycxaHOBJieno,  u(o  noporoea  KOHqeHxpaqia  flyjxe 
uyxjiHBa  AO  3MiHH  KopejiaqiH,  xoqi  snc  KpnxHHHi  inflCKCH  Bifl  hhx  npaKXUHHO  He  aajiexcaxb.  Sanpono- 
HOBaHO  eBpHcxHHHHH  KpHxepiH  AM  3HaxoAxceHHa  noporoBHX  KOKiteHxpaqiH  npH  HaaBHocri  Kopejia- 
qiH,  mo  3acxocoByeTbca  HeaanejKHO  BiA  xHny  pemixKH. 


Introduction 

In  the  process  of  the  carbon  plasma  depositi¬ 
on,  condensates  containing  binarily,  temarily,  or 
quatemarily  coordinated  carbon  atoms  with  sp-, 
sp^-,  or  jp^-hybridized  electronic  bonds  are  form¬ 
ing  over  a  wide  range  of  the  support  temperature 
and  average  ion  energy(  see  reviews  [1-7]  and 
also  [8-13]).  Condensate  in  which  ip^-bonds  are 
prevailing  is  similar  to  graphite,  while  with  pre¬ 
vailing  sp^-bonds,  it  is  a  diamond-like  one.  These 
condensates  are,  as  a  rule,  amorphous  and  show 
no  obvious  evidences  of  long-range  ordering,  lo¬ 
cal  ordering  types  being  randomly  alternated. 
Such  heterostructural  (or  heterophase)  solids,  in 
which  the  local  topological  order  (determined  by 
the  type  of  the  atomic  coordination  polyhedron) 
is  inhomogeneous  and  varies  from  one  atom  to 
another  even  in  single-component  condensates, 
are  forming  under  strong  thermodynamic  non¬ 
equilibrium  conditions  (e.g.  at  supercooled  melts 


solidification,  deposition  of  atomic  or  plasma 
sti^ams  onto  cold  supports,  etc.) 

For  simplicity,  let  us  designate  areas  filled 
v/iih  atoms  having  a  common  type  of  local  order 
as  single-phase  ones,  the  phase  being  implied  to 
be  crystalline  or  non-crystalline  structure  with  the 
same  local  order.  If  phases  possess  significantly 
different  electrical,  mechanical,  and  other  proper¬ 
ties,  the  macroscopic  condensate  characteristics 
depend  on  the  Unking  of  areas  of  the  same  phase. 
So,  e.g.,  the  conductivity  of  a  heterostructural 
carbon  condensate  depends  substantially  on  the 
linking  of  graphite-like  areas  having  a  relatively 
high  electrical  conductance.  In  the  same  time,  me¬ 
chanical  properties  (strength,  microhardness, 
wear-resistance)  are  determined  by  the  linking  of 
diamond-like  areas  having  a  high  local  micro¬ 
hardness  and  great  value  of  the  shear  module. 

In  the  course  of  plasma  streams  with  low'  en¬ 
ergy  of  ions  (<  10^  eV)  deposition  onto  cold  sup- 
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ports,  the  growth  of  heterostructural  condensates 
occurs  as  a  rule  if,  under  thermodynamic  equilib¬ 
rium  conditions,  one  or  more  metastable  phases 
exist  along  with  the  stable  one.  Under  pheno¬ 
menological  approach,  the  kinetics  of  heteros¬ 
tructural  condensates  formation  can  be  described 
in  terms  of  the  chemical  kinetics  approximation 
[14].  In  that  approach,  equations  for  volume 
parts  of  phases  variation  in  thickness  in  the 
course  of  growth  have  been  obtained.  Therewith, 
the  formation  probabilities  for  a  given  type  of  the 
local  ordering  as  functions  of  ordering  character 
of  the  area  onto  which  the  ion  being  deposited 
falls,  are  considered  as  phenomenological  coeffi¬ 
cients  which  are  to  be  determined  by  the  correla¬ 
tion  with  experimental  data.  Such  an  approach 
allows  to  describe  averaged  (hydrodynamic) 
quantities,  but  structural  details,  linking,  size  dis¬ 
tribution  of  areas,  interphase  boundaries  branch¬ 
ing  remain  out  of  the  scope  of  description.  In  this 
connection,  of  importance  is  the  question  about  a 
more  comprehensive  study  of  statistic  properties 
of  heterostructural  condensates  forming  at  the 
high-energy  ions  deposition.  Such  a  study  can  be 
performed  by  simulation  of  the  growth  process  of 
a  condensate  and  subsequent  investigation  of 
structural  and  physical  properties  thereof. 

As  in  [14],  there  are  the  formation  prob¬ 
abilities  for  a  given  type  of  the  local  ordering  at 
ion  deposition  which  determine  the  growth  proc¬ 
ess.  Let  the  surface  layer  be  characterized  by  an 
initial  distribution  of  atoms  with  several  local  or¬ 
dering  types.  Then,  each  freshly  deposited  ion  en¬ 
ters  the  environment  of  atoms  having  several 
local  order  types  and,  depending  on  its  nearest 
vicinity,  acquires  a  specific  bond  type,  one  or  an¬ 
other  local  ordering.  The  problem  is  (a)  to  choose 
a  realistic  field  of  probabilities  for  the  formation, 
by  the  ion  being  deposited,  of  each  local  order 
type,  taking  into  account  the  structural  state  of 
the  deposition  site;  (b)  to  simulate  subsequently 
the  condensate  growth  process  at  the  prob¬ 
abilities  field  chosen  and  (c)  to  consider  and 
evaluate  the  structural  and  physical  properties  of 
condensate  formed. 

In  this  work,  the  above  scheme  is  realized  us¬ 
ing  a  rather  general,  three-parameter  expression 
for  the  formation  probabilities  of  several  local 
order  type,  and  properties  of  model  condensates 
obtained  are  studied  as  functions  of  one  parame¬ 
ter  respbnsive  for  the  degree  of  the  spatial  corre¬ 
lation  of  atoms  with  a  given  local  order  type. 
Possibilities  of  an  experimental  verification  of  re¬ 
sults  obtained  are  also  discussed  for  the  case  of 
carbon  condensates  obtainable  by  plasma  stream 
deposition. 


Probabilities  field  choice 

Let  the  amorphous  structure  of  an  actual  con¬ 
densate  be  substituted  by  a  regular  cubical  mesh, 
with  blocks  of  the  initial  structure  having  dimen¬ 
sion  being  corresponding  to  points  of  the 
mesh.  Let  us  to  choose  %  «  u,  where  u  is  the  least 
of  averaged  dimensions  of  single-phase  areas,  so 
those  blocks  can  be  considered  as  homogeneous 
ones  consisting  of  one  phase  only.  The  building- 
in  of  a  separate  atom  being  deposited  is,  as  indi¬ 
cated  above,  a  substantially  non-equilibrium 
process  during  which  the  energy  of  that  atom  as 
well  as  those  of  its  surrounding  atoms  undergo 
variations. 

Spatial  and  temporal  fluctuations  of  the  en¬ 
ergy  of  atoms  are,  especially  on  the  first  stage  (the 
collision  one),  great  in  relation  to  thermal  fluc¬ 
tuations  determined  by  the  average  condensate 
temperature;  nevertheless,  it  is  quite  natural  to 
choose,  as  the  distribution  of  the  formation  prob¬ 
abilities  of  several  configurations,  the  Gibbs  dis¬ 
tribution  with  a  certain  effective  temperature,  T'ep 
depending  on  the  support  temperature,  T,,  and 
energy,  E,  of  atoms  in  the  beam: 

w,.~exp[-£/*V2"^^l 

where  £,  is  the  energy  of  interaction  of  an  atom  in 
i-th  phase  state  with  its  local  surrounding;  k, 
Boltzmann  constant.  At  the  transition  to  blocks, 
let  us  believe  that  the  probabifities  distribution 
for  the  formation  of  the  block  in  i-th  phase  state 
(designated  as  «the  i-th  type  block»)  will  not 
change,  it  is  only  the  explicit  form  of  function 
E)  which  shall  be  changed  as  well  as  the 
sense  of  quantity  £,  which  will  mean  now  the  ef¬ 
fective  interaction  energy  of  a  given  i-th  type 
block  with  its  neighbours.  In  the  case  where  only 
two  phases  can  occur, 

Ej  =  e.j^n^+  e,2«2  +  e,o  •  "  1  -  "2)’  ’  2) 

where  8,^  are  effective  binding  energies  between  i 
type  blocks  and  k  type  ones  (i,k  —  1,2);  ejq,  effec¬ 
tive  energy  of  broken  bond  of  i  type  block;  z, 
coordination  number;  n^,  the  number  of  k  type 
neighbours  (k  =  1,2)  for  a  given  block.  Taking 
into  account  that  w’|-i-h'2  =  1  and  S12  ”  ^2i’ 
tain  from  (1)  and  (2) 

r  t1  (3) 

Wj  =  I  1  +g  •  exp(8A0  •  e?q)(Xwi)J  , 

where  N  =  n^+  «2> 
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g  =  exp[-j(e2o  -  sioVkT^jiT^.  £)J 
^  “  “(^22  “^12  “  ^20 +  (4) 
=  -(2si2  -  Si  1  -  HlV^T'ejiT's^ 

As  it  follows  from  (3),  the  parameter  X  deter¬ 
mines  how  strongly  w,  depends  on  the  number  of 
type  1  blocks  in  nearest  lattice  points.  It  is  just  the 
value  of  that  parameter  on  which  the  degree  of 
lattice  correlation  primarily  depends.  At  X  <0,  we 
have  obviously  positive  correlations,  i.e.  the 
probability  that  a  block  of  1  type  is  located  side 
by  side  with  a  given  1  type  block  exceeds  the  con¬ 
centration  of  those  blocks  (if  such  a  probability  is 
less  than  the  concentration  mentioned,  we  will 
speak  about  negative  correlations);  at  X  >0,  the 
correlations  are  negative,  and  at  X  =0,  there  are 
no  correlation.  The  parameter  5  determines  the 
degree  of  dependence  of  the  probability  on  the 
total  number,  N,  of  blocks  in  nearest  lattice 
points.  The  parameter  g,  at  specified  X  and  5,  is 
responsive  primarily  for  the  balance  between  w, 
and  ^2,  i.e.  for  concentration  of  blocks  of  a  given 
type  in  a  specimen.  In  this  work,  we  have  studied 
the  dependence  of  properties  of  model  conden¬ 
sates  on  the  parameter  X  determining  the  correla¬ 
tion  degree  of  a  lattice;  parameter  5,  for 
simplicity,  has  been  set  to  zero  while  parameter  g 
was  used  to  vary  concentrations  of  type  1  and 
type  2  blocks. 

Condensate  growth  simulation 

The  simulation  process  was  at  follows.  The 
growth  starts  on  a  support  constituting  a  quad¬ 
ratic  lattice;  all  point  thereof  are  occupied,  with 
probability  g,  by  type  1  blocks  and  with  prob¬ 
ability  p  =  1  -  g,  by  type  2  blocks.  Then,  a  point 
of  this  lattice  is  arbitrarily  chosen,  and  in  point 
positioned  over  it,  a  block  of  1  or  2  type  is  posi¬ 
tioned  with  probabilities  w^  and  W2,  respectively, 
defined  by  (3).  The  process  is  repeated  until  a 
previously  specified  space  L  is  filled  with  blocks, 
so  none  vacant  place  remains  therein. 

Properties  of  model  condensates 

As  indicated  above,  properties  of  heterophase 
condensates  depend  significantly  on  the  linking  of 
areas  occupied  by  the  same  phase.  It  is  knowni 
from  the  percolation  theory  [15]  that  the  linking 
of  blocks  of  a  given  type  occurs  first  at  a  certain 
threshold  concentration  of  those  blocks,  P^, 
which  depends  on  the  lattice  type  and  dimension¬ 
ality  as  well  as  on  correlations  in  the  blocks  ar¬ 
rangement  [16, 17],  If  blocks  linked  are  electrically 
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Fig.l.  Dependence  of  percolation  thresholds  on 
the  parameter  X. 


conductive,  the  conductivity,  ct,  of  the  whole 
specimen,  at  concentrations  of  those  blocks  close 
to  threshold  one,  is  obeyed  to  law  [16] 

a-(p-Py  (5) 

where  t  is  so-called  critical  index  for  the  conduc¬ 
tivity. 

The  percolation  threshold,  P^,  was  deter¬ 
mined  along  with  the  critical  index  t  by  the  fitting 
of  electroconductivity  values  near  the  threshold 
to  linear  plot  constructed  in  the  dual  logarithmic 
scale,  as  described,  e.g.,  in  [17].  Each  a  value  was 
obtained  by  averaging  of  the  conductivity  values 
for  40  lattices  of  30^  dimension.  The  conductivity 
of  linkages  between  type  2  blocks  was  assumed  to 
be  equal  to  1,  that  of  all  other  linkages,  to  0.  The 
procedure  used  for  simultaneous  evaluation  of 
threshold  concentration  and  critical  index  gives, 
in  the  case  of  correlations  absence  (X  =0) 
Pf.  =  0.305+0.010  and  t  =  1.9+0.35  what  is  in  good 
agreement  with  known  [18]  values  P.  =  0.31 17  and 
t  =  2.0. 

The  P^  dependence  on  X  parameter  is  shown 
on  Fig.l.  The  threshold  concentration  is  seen  to 
vary  in  a  wide  range  to  both  sides.  The  date  show 
that,  from  X  —2.5  on,  the  threshold  concentra¬ 
tion  decreases  asymptotically  approaching  to 
value  P^  =s  0.15  (P^  =  0.165+0.025  at  A,  =  -5)  what 
is  about  half  as  many  as  threshold  concentration 
in  absence  of  correlations.  The  progress  into 
range  of  A  <  -^5  is  hindered  by  a  sharp  drop  of 
accuracy  of  t  and  P^  evaluation.  The  threshold 
concentration  rises  with  the  increase  of  X.  So,  at 
uppermost  value  studied,  X  =  3,  P^-  0.45+0.015 
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what  exceeds  significantly  the  value  for  uncorre¬ 
lated  lattice. 

Conductivity  index  values,  t,  at  several  X  are 
represented  on  Fig. 2;  it  follows  therefrom  that, 
within  the  accuracy  of  the  numerical  experiment, 
t  can  be  considered  as  independent  on  spatial  cor¬ 
relations.  Thus,  the  conductivity  variation  rate  in 
the  neighbourhood  of  the  threshold  concentra¬ 
tion  of  conductive  blocks  does  not  depend  essen¬ 
tially  on  correlations  in  their  arrangement  or,  by 
other  words,  on  the  interaction  parameters  of  at¬ 
oms  in  the  course  of  deposition.  Such  a  pattern  is 
in  agreement  with  accurate  results  obtained  for 
Bete  lattice  with  the  account  for  correlations  [19]. 

At  p  =  Pg,  the  average  number,  n^,  of  clusters 
having  dimension  s  in  uncorrelated  lattices  is  de¬ 
fined  as  [20] 

~  (at  s-ya) 

where  x  is  the  factor  (index)  of  the  cluster  size 
distribution.  In  the  absence  of  correlations, 

X  =  2.2  [20]. 

We  had  found  x  values  separately  for  each  of 
simulated  lattices  of  30^  size  dnd  then  had  aver¬ 
aged  these  values  obtaied  for  40  lattice  realiza¬ 
tions  at  p  =  Pc-  Fig.3  shows  x  values  for  different 
X  ones.  Vertical  lines  show  the  x  values  dispersion 
for  40  lattice  realizations  and  squares  correspond 
to  average  x  values.  Similar  to  t,  x  is  seen  to  de¬ 
pend  only  weakly  on  the  atomic  interaction  pa¬ 
rameters  decreasing  slightly  at  positive 
correlations. 

It  is  convenient  to  characterize  the  degree  of 
lattice  correlation  by  quantity  G,  which  is  the  ratio 
of  the  average  number,  Z  j2,  of  type  2  neighbours  of 
a  type  2  block  in  an  uncorrelated  lattice  to  the  same 
number  (Z22)  in  a  correlated  lattice.  It  is  obvious 
that,  for  the  cubic  lattice,  Zj®  =  6p,  thus 

G  =  6P/Z22. 

By  definition,  C?  =  1  for  a  lattice  in  which  correla¬ 
tions  of  the  blocks  arrangement  are  absent;  it  is 
easy  seen  that,  in  the  case  of  positive  correlations 
G  <  1,  and  for  negative  ones,  G  >  1.  Fig.4  shows 
the  dependence  of  G  on  the  X  parameter  at  con¬ 
centrations  p  =  Pp. 

On  Fig.5,  the  P^  dependence  on  G  is  pre¬ 
sented,.  It  is  seen  that  the  points  fall  good  on  a 
some  s*traigth  line  P^  =  a  +  b  •  G\  the  fitting  by 
least  squares  method  gives  for  the  parameters  val¬ 
ues  a  =  0.08475,  b  =  0.2094.  Using  (7),  after  sim¬ 
ple  transformations  we  obtain  that,  at  p  =P 

P,  =  Z^^(P,)-a/{Z^j{P,)-6b). 
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Fig.2.  Dependence  of  the  conductivity  index  a  on  X. 
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dex  X  on  X.  The  broken  line  shows  x  value  for  the  case 
of  none  correlations  ( X=0)  x=2.2. 
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Pc 


Fig.5.  Dependence  of  percolation  thresholds  on  G. 
Broken  line  shows  the  fitting  of  experimental  points 
by  the  least  squares  method. 

Let  us  introduce  the  function  F(p)  = 
=  p  -  Z22(p)  ■  a/(Z22(p)  -  6i);  then,  it  is  seen  that 

is  the  root  of  equation 

F(p)  =  0  (8) 

an  the  percolation  criterion  can  be  presented  as 
follows:  p  >  P^,  where  P^  is  a  roof  of  (8).  An  addi¬ 
tional  study  shows  that,  for  uncorrelated  lattices 
as  well  as  for  correlations  of  the  type  considered 
by  us,  the  function  F(p)  has  the  sole  root  on  the 
intercept  p6[0,l]. 

Thus,  we  propose  the  following  method  for 
the  finding  of  percolation  thresholds  for  blocks  in 
correlated  lattices:  the  percolation  threshold  P^  is 
the  value  of  concentration  of  type  Z  blocks  (i.e. 
conducting  ones)  which  is  the  root  of  F(p)  func¬ 
tion.  An  euristic  percolation  criterion  is  in  essence 
proposed  here  with  universal  values  of  a  and  b 
coefficients  in  the  function  F(p).  It  should  be 
noted  that  the  quantity  Z22  involved  in  F  can  be 
always  determined  experimentally  without  diffi¬ 
culties  and,  in  some  cases,  it  can  be  found  also 
analytically  as  a  function  of  the  concentration  p. 
The  case  when  the  F(p)  function  has  multiple 
roots  on  the  intercept  [0,1]  requires  a  special  con¬ 
sideration. 

Since  uncorrelated  lattice  is  a  specific  case  of 
correlated  one,  it  is  of  interest  to  verity  the  vahdity 
of  the  criterion  formulated  for  several  uncorrelated 
three-dimensional  lattices:  diamond  (coordination 
number  z=4),  volume-centered  cubic  (VCC) 
(z  =  8),  and  face-centered  cubic  (FCC)  (z  =  12).  For 
uncorrelated  lattices,  Z22  =  zp  and  the  root  of  F 
function  is  easy  to  find  as 

P^  =  a  +  6b/z. 


Introducing  in  to  this  expression  z  =  4,8,12  we 
obtain:  =  0.3989  (0.428);  =  0.2418 

(0.245);  PF‘^  =  0.1895  (0.198);  in  brackets,  the 
values  known  from  literature  [18]  are  given. 
The  agreement  is  seen  to^be  good  enough  what 
gives  evidence  for  that  the  criterion  proposed 
can  be  applicated  for  various  lattice  types,  in¬ 
cluding  probably  also  amorphous  structures  to 
which  actual  heterophase  condensates  belong. 

Discussion 

We  have  seen  that  the  structure  and  physical 
properties  of  heterophase  films  depend  signifi¬ 
cantly  on  interatomic  bonds  correlations  which, 
in  turn,  are  determined  by,  bonding  energies 
and  explicit  form  of  function  Tgj(T^,  E)  and  vary 
at  changes  of  the  support  temperature  and  depos¬ 
ited  atoms  energy.  The  estabUshing,  empirically 
or  by  means  of  numerical  experiments  (as  is  [21]), 
of  a  dependence  of  twin  bonding  correlations  on 
deposition  conditions  opens  up  the  possibilities 
for  controlling  the  percolation  threshold  of  each 
phase.  It  should  be  noted  that  just  the  percolation 
thresholds  depend  strongly  on  the  deposition 
conditions;  but  critical  indices  and,  consequently, 
near-to-threshold  variations  of  properties  are  not 
influenced  essentially  by  the  degree  of  bonds  cor¬ 
relation. 

The  above-mentioned  carbon  condensates  ob¬ 
tained  under  conditions  far  from  equilibrium,  e.g. 
at  the  deposition  of  plasma  or  ionic  streams,  are 
interesting  objects  for  the  comparison  of  theoretic 
prediction  with  experimental  data.  As  is  shown  in 
[22]  (  see  also  [21]),  when  the  average  energy  of 
ions  being  deposited  changes  approximately  by  a 
factor  of  two,  the  carbon  film  density  changes 
also  by  the  same  factor,  from  graphite  density  to 
diamond  one. 

It  means  that,  with  the  variation  of  ions  en¬ 
ergy,  the  concentration  of  sp^  bonds  (graphite¬ 
like)  varies  from  1  to  0  (while  the  concentration  of 
diamond-like  sp'^  bonds  varies  from  0  to  1).  In  the 
course  of  this  process,  the  percolation  thresholds 
for  both  graphite-like  and  diamond-like  clusters 
are  obviously  attained.  Near  the  percolation 
threshold  of  graphite-like  clusters,  at  p  =  {sp^), 

a  critical  conductivity  behaviour  must  be  observ¬ 
able  because  graphite-like  clusters  are  conduc¬ 
tors,  CT  ~  [P(sp'^)  -  P^(sp^)Y.  In  the  same  time,  the 
percolation  threshold  of  diamond-like  clusters  can 
be  revealed  by  an  anomaly  in  microhardness  and 
shear  module  behaviou/,  p  ~  [F(j  p)  -  P^(s  ^)]'. 
Unfortunately,  the  experimental  date  available 
(see  [3])  are  too  scarce  and  dispersion  thereof  is 
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too  great  for  the  theoretical  results  can  be  com¬ 
pared  with  them;  but  no  principial  difTiculties  ex¬ 
ist  to  establish  the  dependence  of  bonding 
correlations  and  percolation  thresholds  for  both 
phases  in  carbon  condensates  on  the  deposition 
conditions  (support  temperature,  energy  of  ions 
being  deposited).  The  knowledge  of  those  rela¬ 
tionships  would  open  the  possibility  to  control 
the  combination  of  electric  and  mechanic  proper¬ 
ties  of  condensates  by  means  of  deposition  condi¬ 
tions  variation.  For  example,  if  sp^  bonds  are 
correlated  highly,  the  film  can  possess  the  desired 
resistance,  density  close  to  that  of  graphite  and, 
in  the  same  time,  a  high  microhardness.  Our  cal¬ 
culations  have  shown  that,  at  ^  <  -2.5,  the  perco¬ 
lation  threshold  for  diamond-like  clusters  would 
be  as  low  as  w  0.15. 

This  work  was  sponsored  by  part  by  the  Fun¬ 
damental  Investigations  Foundation  at  the  State 
Committee  for  Science  and  Technology  of 
Ukraine. 
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06cy5KjiaioTC5i  bo3mo5khocth  ynpaBJiCHHJi  CTpyKTypHtiMH  cBOHCTBaMH  5TJiepoAHHX  reTepo4)a3Hbix 
KOH^eHcaTOB.  Hhcjichhbimh  Mexo^taMH  cMo^ejiHpoBaH  npouecc  pocra  reTepo(J)a3Hbix  KOH^eHcaxoB  c 
yneroM  KoppejiBUHH  bo  bsehmhom  pacnojiojKeHHH  axoMOB  H  HsyneHbi  nepKOJWUHOHHbie  xapaKxepHC- 
XHKH  MOAeJTbHbIX  KOHJlCHCaXOB  B  3aBHCHMOCTH  OT  CTenCHH  CKOppenHpOBaHHOCTH  B3aHMHoro  paCRO- 
jio^eHHR  axoMOB  c  pa3JiHHHbiMH  xHFiaMH  jioKajibHOFo  nopB/^KE.  HaH^CHbi  nopoPH  npoxcKaHHB  H 
KpHTHuecKHe  HHfleKCbi  npoBOflHMOCTH  H  pacnpeflejieHHH  KJiacrepoB  no  pasMepaM.  ycraHOBJicHo,  hto 
noporoBaa  KOHueHTpauna  BecbMa  HyBCTBHTenbna  k  HSMenenHaM  Koppejiaunit,  xoraa  Kax  xpHTHHecKHe 
HHfleKCbl  OT  HHX  npaKTHUeCKH  He  SaBHCaT.  ripeflJIOJKeH  OBpHCTHHeCKHH  KpHTepHH  flJia  HaXOrKfleHHa 
noporoBbix  KOHueHTpauHH  npn  HajiHHHH  KoppejiauHH,  npHMeHHMUH  HesaBHCHMo  ot  THna  peuiencH. 
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Seif-regulation  processes  of  structural  and  functional 
state  of  biological  body  surface 

J.P. Goudzenko 

Institute  for  Sorption  and  Endoecology  Problems,  National  Academy  of  Sciences 
of  Ukraine,  32/34  Palladin  Ave.,  252142  Kiev,  Ukraine 

The  aim  of  this  work  was  to  study  the  structural  and  functional  state  of  biological  body  surface  by 
electron  microscopy  both  before  and  in  dynamics  of  proposed  actions  directed  on  structural  ensure- 
ment  of  regulative  reconstruction  processes.  As  consequence  of  material  basis  optimization  for  self¬ 
regulation  by  means  of  adequate  structural  ensurement,  the  effect  of  structural  and  functional  ordering 
of  the  elements  of  surface  system  of  biological  body  has  been  obtained. 

Meroio  po6oTH  e  BHBHeHHH  crpyKrypHO-tJiyHKijioHajibHoro  exany  nosepxni  6iojioriHHHX  Tin  no  xa  b 
nHHaMiui  3fliHCHiOBaHHX  aaxoniB,  cnpainoBaHHX  na  cTpyKTypne  3a6e3ne'teHHa  peKOHCxpyKXHBHHX 
peryjiaxopHHx  npoqeciB.  EnKopHcxoByBaBca  Meron  ejieKxpoHHoi  MiKpocKonii.  SaBflaKH  onrainajiir 
3auii  MaxepiajibHoi  SasH  Mexaniaviy  caMoperyjiaqii  iiuiaxoM  nocarHenna  aneKBaxHoro  cxpyKxypnoro 
3a6e3neHeHHa  6yB  oxpHMaHHH  e(})eKT  cxpyKxypHoro  xa  4)yHKuioHajibHoro  ynopanKyBanna  ejieMenxiB 
CHCxeMH  noBepxHi  6iojioriHHoro  xina. 

In  current  conditions  of  growing  exoecologic  itself  to  that  such  a  system,  being  a  genetically 

crisis  and  damaging  environmental  effects,  the  in-  self-reproducing  one,  possesses  the  ability  to  pre- 

terpretation  of  the  self-regulation  processes  and  serve  its  morphofunctional  structure  and  to  adapt 

their  role  in  the  structural  and  functional  recon-  to  an  environmental  medium  by  means  of  self- 

struction  of  biological  body  surface  becomes  par-  regulation  mechanisms.  The  basis  for  the  self- 
ticularly  actual.  regulation  is  the  functional  system  which  is  a 

The  purpose  of  this  work  was  to  study,  by  combination  of  interacting  elements  unified  in  a 

electron  microscopy  methods,  the  structural  and  totality  by  a  useful,  for  the  system,  result  which  it 

functional  state  of  biological  bodies  surfaces  both  creates  in  the  course  of  function  of  its  different 

before  and  during  measures  directed  toward  the  sections  [3].  It  is  just  the  useful  result  obtainable 

structural  ensuring  of  their  regulative  reconstruc-  by  common  function  of  the  system  individual 

tion  processes.  The  bioptates  of  skin,  i.e.  human  parts  which  is  the  only  factor  determining  the  se- 

biological  body  surface,  were  investigated  by  lective  consolidation  of  different  sections  (ele- 

means  of  an  electron  microscope.  ments)  into  a  common  system.  There  is  a  large 

A  biological  system,  which  the  human  organ-  number  of  functional  systems  according  to  the 
ism  is,  develops  on  its  intrinsic  elements;  their  variety  of  useful  results. 

interaction  provides  the  system  unity  on  several  The  self-regulation  is  a  determinated  dynamic 

structural  and  functional  organization  levels  -  process,  since  self-regulation  mechanisms  are  re- 

molecular,  cellular,  tissues,  organes,  systems,  and  alized  in  determinated  conditions.  Their  “start- 

the  whole  organism  ones  [1,2].  This  is  an  open  ing”  occurs  as  a  result  of  some  specified  factors 

self-organizing  system  having  different  levels  of  action  and  they  are  directed,  respectively,  to  the 

ordering  dynamic  integration:  it  can  be  repre-  achieving  of  the  useful  result  required.  Thereat, 

sented  as  a  spatial  hierarchy  on  which  qualitative  the  self-regulation  processes  occur  in  a  certain  re¬ 
biologic  characteristics  are  imposed.  gime  induced  by  various  environmental  influ- 

The  essence  of  a  biological  system  function  ences.  It  is  reasonable  that  the  activity  of  the 
and  biological  processes  self -movement  reduces  self-regulation  mechanism  sections  is  adequate  to 
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corresponding  variations  of  the  strength  and  fre¬ 
quency  of  action  of  those  environmental  factors. 

A  substantial  feature  of  the  functional  system 
consists  in  its  ability  to  the  fast  reconstruction 
which  becomes  necessary  when  a  defect  arises  in 
anyone  of  its  sections  hindering  the  useful  result 
achieving.  As  a  result,  an  adaptive  useful  result  is 
ensured  by  such  a  reconstruction  of  system. 

From  the  viewpoint  of  the  concept  of  block 
organization  of  biologic  system  structures  and 
functions  [4-8],  the  self-regulation  mechanisms 
are  realized  on  the  basis  of  the  recombination  and 
transposition  of  universal  functional  blocks  con¬ 
sisting  in  their  redistribution  which  required  the 
adequate  material  provision. 

The  surface  of  biological  bodies,  especially 
that  of  the  human  organism,  is  represented  by  the 
skin  which,  being  a  complex  organ  (section,  sub¬ 
system),  consists,  in  turn,  skin  coats  system.  The 
latter  includes  two  layers  of  distinct  origin,  con¬ 
nected  firmly  together,  and  appendices,  viz.  hair 
follicules,  nails,  sweat  and  sedaceous  glands,  etc. 

The  human  organism  skin  as  the  surface  of 
biological  body  system  and  as  one  of  its  sections 
(subsystems)  is  connected  tightly  to  all  inner  or¬ 
gans  and  systems  of  the  organism.  The  skin  coat 
plays  an  important  role  in  the  homoeokinesis  ad 
the  homoeostasis  performing  the  protective  bar¬ 
rier  and  thermal  regulation  functions,  participat¬ 
ing  in  the  immunological  reactions,  production  of 
biologically  active  substances,  etc.  [9]. 

The  surface  of  a  biological  body-human  or¬ 
ganism  represented  by  the  skin  coats  system  is 
characterized  by  the  system  ordering  and  the  dy¬ 
namic  integration  of  functions  on  the  basis  of  its 
subsystems  intercommunication.  This  fact  deter¬ 
mines  a  certain  influence  of  the  integral  func¬ 
tional  system  of  the  biological  body  on  its  surface 
reconstruction  an,  on  the  other  hand,  ensures  that 
the  biological  body  surface  is  a  sensitive  indicator 
for  the  function  level  of  the  biological  body  as  a 
whole.  It  should  be  noted  that,  when  a  recon¬ 
struction  becomes  necessary,  the  biological  body 
surface,  similar  to  other  organs  (sections,  subsys¬ 
tems),  can  use  not  only  its  intrinsic  possibilities, 
but  also  the  resources  of  the  whole  biological  sys¬ 
tem. 

Environmental  changes  cause  deviation  of 
some  parameters  in  the  morphofunctional  struc¬ 
ture  of  the  biological  body  surface,  which  are 
compeftsated  by  the  self-regulation  processes, 
provided  that  the  skin  resistance  and  adaptivity 
threshold  is  not  exceeded.  Otherwise,  a  localized 
or  generalised  damage  of  the  skin  coat  occurs, 
whereat  various  disturbations  of  exchange  reac¬ 
tions  and  disintegration  of  functional  elements 


are  observed.  Since,  in  normal  conditions,  the 
self-regulation  of  a  biological  system  is  intended 
to  ensure  optimal  condition  of  its  function,  the 
self-conservation  and  self-rehabilitation  of  regu¬ 
lative  mechanism  must  be  attained  if  the  mor})ho- 
functional  structure  of  the  biological  body 
surface  has  undergone  a  damage  [1], 

In  connection  with  the  foregoing,  the  optimi¬ 
zation  of  self-regulation  mechanisms  in  biological 
bodies  becomes  necessary  under  pathologic  con¬ 
ditions.  It  means,  first  of  all,  the  optimum  struc¬ 
tural  provision  of  the  regulative  reconstruction 
processes  in  the  functioning  biological  system 
subunits,  viz.  its  organs  (sections,  elements)  [10- 
13].  It  is  just  the  equivalency  of  the  structural 
provision  which  determines  the  reliability  of  the 
system  as  a  whole  under  regulative  processes  re¬ 
construction. 

At  an  unsufficient  structural  provision  of  the 
human  organism  surface,  structural  and  func¬ 
tional  changes  occur  in  the  skin  coat  system  ele¬ 
ments.  viz.  in  the  melanocyte  cells,  as  a  result 
thereof,  those  elements  loose  their  specific  func¬ 
tion  to  synthetize  melanin;  visually,  this  phe¬ 
nomenon  manifests  itself  as  the  skin  discoloration 
and  the  appearance  of  white  spots  on  it  (vitiligo). 

As  a  result  of  measures  directed  to  the  sub¬ 
strate  deficit  elimination,  promoting  the  regula¬ 
tive  reconstruction  processes  and  the 
self-regulation  mechanism  self-restoration,  the 
structural  and  functional  self-ordering  according 
to  genetically  conditioned  specialization  occur  in 
afunctional  melanocytes  and  epitelial  cells.  The 
energy  exchange  improves,  i.e.  the  glycogene  syn¬ 
thesis  in  the  cells  becomes  activated  from  the  in¬ 
itial  process  stage  on  to  the  abundant  energy 
accumulation  accompanied  by  large  glycogene 
congestions  in  the  cell  cytoplasm  (Fig.l).  The 
number  of  active  mitochondria  increases  (Fig. 2); 
on  the  background  of  those,  the  albumen  synthe¬ 
sis  processes  become  activated,  which  cause  the 
restoration  of  intracellular  structures,  viz.  pre- 
melanosomes  (Fig.3)  and  melanosomes  (Fig.4). 
Along  with  these,  on  the  background  of  active 
mitochondria  and  of  great  number  of  ribosomes 
not  connected  to  the  diaphragm,  the 
melanosomes  of  increased  size  are  observed  con¬ 
taining  lots  of  meanin  grains  (Fig.  5).  As  a  result 
of  the  melanogenesis  process  activation,  the  ripe 
melanin  granules  are  formed  (Fig. 6).  In  parallel 
with  these  processes,  the  skin  coats  colour  resto¬ 
ration  is  observed,  determinable  visually  and  by 
means  of  photoelectrical  dermochromography 
[14].  The  dynamics  of  intensity  variations  of  the 
light  reflected  by  skin  as  measured  by  the  photo- 
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Fig.l .  Melanocyte  fragment  containing  a  large  glyco- 
gene  congestion  (GL)  indicating  the  intercell  metabo¬ 
lism  change  toward  the  increased  energy  formation. 
X  105,000 


Fig, 3.  Melanocyte  cytoplasm  fragment  containing 
vesicula,  premelanosomes  (PMS)  and  newly  formed 
melanosomes  with  single  melanin  grains,  x  35,000 


Fig. 5.  A  big  active  melanocyte  cytoplasm  fragment 
containing  melanosomes  increased  in  size,  of  irregu¬ 
lar  form,  with  a  lot  of  pigment  grains  (ML)  as  well  as 
a  great  numbei'  of  ribosomes  (R)  not  connected  with 
the  diaphragm  and  actively  functioning  mitochon¬ 
dria  (V).  X  21 ,000 


Fig. 2.  Epithelium  cell  cytoplasm  of  spinous  layer 
contains  a  lot  of  mitochondria  (M).  The  cells  are  rich 
in  cytoskeleton  elements  (CS).  The  initial  phase  of 
keratohyaiin  (KH)  synthesis.  The  intercell  contacts 
are  represented  by  desmosomes.  x  10,000 


Fig, 4.  Melanocyte  fragment  with  melanosomes  (MS) 
containing  small  melanin  grains.  In  comparison  with 
the  previous  figure  (Fig. 3),  the  melanosomes  number 
on  the  cytoplasm  area  unit  is  increased,  x  35,000 


Fig. 6.  Melanocyte  fragment  on  final  stage  of  melanin 
synthesis;  in  the  cytoplasm,  there  are  many  pigment 
granules  (ML)  surrounded  by  monostratal  envelope. 
The  granules  are  dense,  their  envelopes  are  connected 
with  cytoskeleton  fascicles  (CS).  The  latter  points  to 
the  possibility  of  granule  displacement  and  therefore 
proves  a  great  extent  of  melanocyte  ripeness  and  its 
specific  functon  perfection,  x  38,000 


2.W 


Functional  materials,  2,  2,  1995 


J.P. Goudzenko  /Self-regulation  processes... 


electric  method  shows  that  the  skin  repigmenta¬ 
tion  process  follows  the  exponential  relationship. 

Thus,  due  to  an  adequate  elimination  of  the 
substrate  deficit,  the  proper  material  provision  of 
the  regulative  processes  and  the  restoration  of 
those  is  achieved,  what  is  accompanied  immedi¬ 
ately  by  the  system  morpho-functional  recon¬ 
struction  of  the  biological  body  surface  elements. 

Conclusions 

1.  In  the  conditions  of  growing  frequency  of 
exoecological  damaging  effects,  the  realization  of 
self-regulation  mechanisms  is  associated  with  the 
intensification  of  physiological  processes  which 
are  the  basis  of  those  mechanisms,  and  with  addi¬ 
tional  material  expenditures. 

2.  Processes  of  regulative  reconstruction  of 
the  biological  body  surface  require  the  adequate 
structural  provision. 

3.  The-  optimization  of  the  material  basis  of 
self-regulation  mechanism  is  accompanied  by  the 
self-ordering  of  structural  and  functional  ele¬ 
ments  on  the  biological  body  surface. 
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npoueccbi  caiwoperyjiHUHM  cTpyKxypHO-^jyHKifHOHajibHoro 

COCTOHHHSl  nOeepXHOCTH  SlIOJlOrHHeCKHX  TCJI 

5K.n.ryA3eHKO 


Ifejibjo  HacTOHiuefi  pa6oTbi  HBHJiocb  usyMeune  cTpyKTypHo-4)yHKUHOHajibHoro  cocronuHa 
nOBepXHOCTH  6HOJIOrHHeCKHX  xejl  nOCpeflCTBOM  SJieKXpOHHO-MHKpOCKOnHHeCKHX  HCCJieflO  BaHHit  no  H  B 
AHHaMHKe  npoBOflHMbix  MeponpHHTHH,  HanpaBJieHHbix  na  crpyKxypHoe  o6ecneHeHHe  npoueccoB 
peryjiaxopHOH  nepecxpoHKH.  B  pesyjibxaxe  onxHMHsauHH  MaxepHajibHofi  ochobm  MexauHSMa  caMope- 
ryjiauHH  nyxeM  nocxHXceHHH  aneKBaxHoro  cxpyKxypnoro  o6ecneHeHHa  6biJi  noJiyueH  3ct)4)eKX 
cxpyKxypHoro  h  (JjyHKUHOHajibHoro  ynopgaoHeHua  aneMeuxoB  CHCxeMbi  noBepxHOCXH  6HOJiorHHecKoro 
xejia. 
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Surface  influence  on  the  decay  process  and  evolution  of 
the  mechanical  properties  of  the  amorphous  metallic 
alloys  of  metal-metalloid  type 


S.G.Zaichenko  and  V.M.Kachalov 


Institute  for  Metals  Science  and  Metals  Physics, 

9/23  2nd  Baumanskaya  St.,  Moscow,  Russian  Federation 

Decay  of  amorphous  alloys  (AMA)  of  metall-metalloid  type  from  the  initial  state  up  to  the  first 
state  of  crystallization  owing  to  thermal  action  has  been  studied.  It  is  shown  that  mechanical  proper¬ 
ties  of  AMA  reflect  main  stages  of  the  decay  process,  namely,  the  material  transformations  from 
plastic  to  embrittled  state  and  then  from  the  latter  to  crystalline  one.  Embrittlement  is  described  as 
two-stage  process.  Correlation  between  AMA  mechanical  properties  changing  and  evolution  of  heat 
emisssion  of  relaxation  spectrum  has  been  obtained  experimentally  for  the  first  time.  The  degree  of 
AMA  decay  may  be  established  from  the  parameters  of  heat  emission  of  relaxation  spectrum.  The 
surface  of  AMA  strip  acts  as  a  .'■ink  for  metalloid  atoms  heading  to  the  beginning  of  embrittlement  and 
cry’stallization  process.  Microscopic  mechanism  for  every  stage  of  AMA  decay  is  proposed. 


npoBefleno  aocjiia*eHHa  poana^y  aMop4)HHX  MerajiiuHHx  cnjianiB  rnny  Meraji-MerajioiA  nifl  bhjihbom 
xepMiHHHx  flin  BHxijiHoro  crany  /lo  nonaTKOBHx  eiaflin  KpHcrajiiaauii.  YcraHOBneHO,  mo  MexaHinni 
xapaKxepHCTHKn  AMC  Biao6pax<aioTb  ocnoBHi  cram  qboro  npoqecy,  to6to  cnocrepiraerbCB  nepexifl 
Marepiajiy  is  njiacxHHHoro  crany  b  KpHXKun,  npirnoMy  pen  npoqec  hochtb  ttBOcraflinHHH  xapaicrep. 
Bnepme  BHflBJieno  ricny  Kopenaqiio  MijK  sMinoio  MexaniHHHX  xapaicrepHCTHK  AMC  ra  eBOjnomeio 
TenjioBHaiJiennH  pejiaKcaqinnoro  cneKxpa,  KiJibKicni  napaMexpn  sncoro  aoaBOjtBtorb  BHanaMHTH  cran 
Marepiajiy  AMC  na  piannx  craflisix  poanaqy.  BMina  KonpenTpanii  MeranoimB  b  npmroBepxHeBHX  ofijiacrax 
ofiyMioBJUoe  aapomKennH  KJiacrepiB  hoboi  aMop4)Hoi  (jjaan,  BiflnoBiaaJibHHX  aa  KpnxKyBanHa,  a  raKoxc 
npoTiKanna  noBepxneBoi  KpHcrajiiaapii  aa  paxy.uoK  ceneKTHBHoro  oKHcaenna  MeranoifliB.  Koponco 
poarjianyxo  npaKTunne  aacrocyBanHa  OTpHMamix  peayjibTariB. 


From  the  viewTtoint  of  deformable  solid  me¬ 
chanics,  amorphous  metallic  alloys  (AMAs)  of 
metal-metalloid  type  can  be  considered  as  a  me¬ 
dium  with  an  almost  ideal  combination  of  elastic 
and  plastic  properties. Especially,  in  the  initial 
(freshly  chilled)  state,  AMAs  have  combined,  in  a 
unique  manner,  the  high  strength  which  is  close 
to  theoretical  one  for  a  number  of  compositions, 
with  the  plastic  formability.  In  AMAs,  the  plastic 
deformation  is  realized  in  the  form  of  shift  bands 
and  surfaces  of  destructed  specimens  show'  the 
vein-like  pattern  characteristic  for  the  viscous 
failure  [1-5]. 

The  high  sensitivity  of  mechanical  properties 
to  minor  structure  changes  is  one  of  specific 
AMAs  features.  In  other  words,  mechanical 
properties  can  be  a  peculiar  indicator  of  an  AMA 


structure  state  variations.  And,  since  those  vari¬ 
ations  begin,  as  a  rule,  in  skin  surface  areas,  the 
mechanical  characteristics  of  AMA  response  to 
them  beginning  from  the  surface  [5-7]. 

It  is  kno’wn  that  amorphous  alloys  are  in  a 
metastable  equilibrium  state.  Therefore,  under  in¬ 
fluence  of  destabilizing  factors,  mainly  that  of 
temperature,  time,  irradiation  with  several  parti¬ 
cles,  they  lose  their  initial  plasticity  and  convert 
to  the  embrittled  state  and  then  from  the  latter  to 
crystalline  one  [6-10].  In  this  paper,  temperature 
T  and  time  t  will  be  primarily  considered  as  the 
destabilizing  effects. 

Thus,  the  main  purposes  of  this  work,  along 
with  the  study  of  the  surface  influence  on  the 
amorphous  state  decay  process,  are: 
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-  the  determination  of  temperature-time  intervals 
during  which  the  mechanical  characteristics  of 
metal-metalloid  type  AMAs  remain  unchanged. 
The  relative  deformation  at  failure,  Ep  was  chosed 
as  the  main  characteristic  of  the  specimen  state; 

-  the  development  of  microscale  AMA  models  for 
several  stages  of  their  decay. 

Experimental 

Specimens  of  AMAs  of  three  different  compo¬ 
sitions: 

Fego  aNii  5815  283  (a),  Fegg  58024  4812  983  2  (b) 
and  Fe5 78072^112.2^*6.5^3.6  obtained  by 
spinning  method,  20  mm  wide  and  20  to  25  pm 
thick,  were  subjected  to  isochronic  annealings 
(t  =  10  min)  in  the  temperature  range  from 
250  °C  to  the  point  of  crystallization  beginning, 
with  the  20  °C  steps.  To  obtain  each  point  on  the 
Er-  To  plot,  where  Zj-  is  the  relative  deformation 
at  failure  (RDF),  and  is  the  annealing  tem¬ 
perature,  30  specimens  were  mechanically  tested, 
what  assures  the  95  %  confidence  level.  The  rela¬ 
tive  deformation  at  failure  was  calculated  as 

dUP  -  d)  where  d  is  the  strip  thickness,  D  is 
tne  distance  between  micrometer  plates  at  the  in¬ 
stant  of  failure  of  the  half-loop  of  the  bent  strip 
specimen.  For  freshly-chilled  specimens  or  those 
which  have  retained  their  plasticity,  Zj  was  arbi¬ 
trarily  believed  to  be  equal  to  1 .  Fig.  I  shows  the 
Er  dependence  on  Tq  for  the  (b)  alloy.  For  (a)  and 
(c)  alloys,  similar  relationships  were  obtained.  It 
is  clearly  demonstrated  by  Fig.l  that  the  AMA 
embrittlement  process  is  a  two-stage  one,  the  be¬ 
ginning  of  each  stage  being  indicated  by  a  bend 
on  the  curve.  For  the  (b)  alloy,  a  shoulder 
on  e/Tq)  plot  beginning  at  Tq  =  350  "C  and  end¬ 
ing  at  2nd  bend  at  Tq  —  475  “C  is  related  to  the 
first  embrittlement  stage.  The  temperature  range 
280-350  °C  is  respective  to  a  “half-embrittled” 
AMA  state  where  some  part  of  the  specimens 
group  (30  pieces  )  is  failed  while  other  remain 
plastic.  This  phenonienoU  is  explained,  first  of  all, 
by  variations  in  the  strip  thickness  amounting  up 
to  10  %  of  the  average  value.  The  second  embrit¬ 
tlement  stage  begins  immediately  before  the  2nd 
bend  of  Ey(T'o)  relationship  and  ends  at  the  instant 
when  the  crystalline  phase  arises  at  the  surface 
crystallization  (Tq  »  510-520  °C). 

It  should  be  noted  that,  on  the  1st  embrittle¬ 
ment  stage  (the  shoulder,  see  Fig.!),  Sy  decreases 
slightly  when  raises.  This  is  explained  by  the 
increase  of  thickness  of  surface  strip  layers  losing 
the  plasticity.  This  thickness  is,  as  we  have  shown 
earlier  [6,7],  a  function  of  the  alloy  composition, 
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Fig.l .  Dependence  of  the  relative  deformation  at  fail¬ 
ure  (Ey)  on  the  i.sodironic  annealing  temperature  (To) 
for  AMA  (b). 

annealing  temperature  and  time;  the  removal  of 
those  layers  by  any  means  (etching,  electropolish¬ 
ing,  machining)  results  in  the  complete  restoring 
of  the  initial  plasticity  (equal  to  that  of  freshly 
chilled  strip)  [2]. 

The  evolution  of  the  relaxation  spectrum  heat 
emission  (RSHE)  at  the  increasing  temperature  of 
isochronic  annealings  was  studied  on  specimens 
of  alloys  mentioned  immediately  after  mechanical 
tests.  The  measurements  were  performed  by  the 
differential  scanning  calorimetry  (DSC)  using 
Du  Pont  thermoanalyzer.  The  results  obtained 
for  (b)  alloy  are  shown  on  Fig.2  where  the  spec¬ 
tral  heat  emission  h{TQ,  T,  t)  is  plotted  as  a  func¬ 
tion  of  the  annealing  temperature,  T,  and  its 
duration,  x.  Fig.2  illustrates  clearly  the  evolution 
of  RSHE  with  the  increase  of  Tq.  Specific  features 
ofthe  /i(ro,  T,x)  evolution  are; 

-  a  rapid  disappearance  of  the  low-temperature 
(under  ifi5-315  “C)  relaxation  spectrum  (RS) 
area  while  the  high-  temperature  one  (from  360- 
375  to  400-430  ’’C)  remains  essentially  unchanged 
under  low-temperature  annealings; 

-  a  progressive  disappearance  of  the  high-tem¬ 
perature  RS  area  with  increasing  Tq, 

-  the  initiation  of  areas  where  the  sign  of  heat 
evolution  is  reversed  both  in  low-temperature  and 
high-temperature  RS  ranges; 

-  the  complete  disappearance  of  the  whole  RS  at 
annealing  temperatures  480—530  °C  before  the 
surface  crystallization  begins. 

These  regularities  are  characteristic  for  all 
AMA  investigated. 

In  Fig.3,  the  variation  of  the  low-temperature 
part,  Q„,  of  RS  as  a  Tq  lunct‘o«  ‘s  shown  for 
alloys  (a-c).  The  figure  illustrates  clearly  that  the 

dependence  on  Tq  is  essentially  linear.  The 
point  of  Q„  intersection  with  the  temperature  axis 
corresponds  to  the  complete  disappearance  of 
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To =480  °C 


To=  500  °C 


100  200  300  400  T,°C 


Fig.  2.  Dependence  of  the  spectral  density  of  heat  emission  h(ro,  T,  x)  on  the  isochronic  annealing  temperature  ( Tj,) 
for  AMA  (b)  at  T  =  10  min. 
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d"'=jh(To,T.T)dT/Jh(T.O,0)  dT 
T  T 


the  isodironic  annealing  temperature  for  AMAs;  1  — 
(a),  2  —  (b).  3  —  (c),  solid  lines  are  approximations 
of  experimental  points  by  the  least  square  method. 

heat  evolution  of  the  low-temperature  RS  range. 
Correlating  the  temperature  corresponding  to  the 
equahty  Q„  =  ^  with  the  mechanical  tests  results 
of  the  (b)  alloy  (see  Fig.l)  we  obtain  that  it  is 
equal  to  -350  "C  (within  the  limits  of  experimen¬ 
tal  error).  This  value  coincides  with  the  tempera¬ 
ture  of  the  1st  embrittlement  stage  onset  for  the 
amorphous  alloy  mentioned.  For  two  other 
AMAs,  (a)  and  (b),  the  temperature  determined 
by  the  =  0  condition,  was  found,  too,  to  be 
corresponding  with  the  onset  of  the  1st  embrittle¬ 
ment  stage.  Thus,  the  zero  heat  evolution  value  of 
the  low-temperature  part  of  the  relaxation  spec¬ 
trum  is  the  criterion  of  the  1st  embrittlement 
stage  commencement. 

Physically,  this  evidences  the  transition  of  an 
AMA  from  the  plastic  state  to  embrittled  one. 
Expressed  mathematically,  the  criterion  men¬ 
tioned  has  a  form 

f 

Q„  =  ih(To,T,'c)dr=0  (1) 

where  the  lower  and  upper  integration  limits  cor¬ 
respond  to  temperature  of  the  heat  emission  onset 
(r„)  and  to  that  of  the  upper  limit  of  the  low-tem¬ 
perature  RS  area  (T*)- 

Fig.4  shows  the  dependences  of  the  heat  emis¬ 
sion  variations  on  isochronic  annealing  tempera¬ 
tures,  Tq,  for  the  high-temperature  part  of  the 
relaxation  spectrum.  For  all  the  AMAs  studied, 
intersection  points  of  2(^o) 
perature  axis,  2(7’o)=  0,  are  positioned  immedi¬ 
ately  ahead  of  2nd  bend  of  the  relationship 
(see  Fig.l,  alloy  (b)).  Therefore,  the  zero  heat 
emission  Q  of  the  whole  RS  is  the  criterium  of  the 
completion  of  1st  embrittlement  stage  and  onset 


-Q  ,J/g 


Fig.4.  Dependence  of  heat  emission  (0  of  the  RS 
high-temperature  part  on  the  isochronic  annealing 
temperature  for  AMA  (b).  The  solid  line  is  obtained 
by  the  least  square  method. 

of  2nd  one;  mathematically,  this  criterion  is  ex¬ 
pressed  as 

7’v 

Q„  =  \KToT,x)dT=0  (2) 

where  the  upper  integration  limit  is  the  tempera¬ 
ture  of  the  RS  upper  boundary. 

Thus,  by  measuring  the  heat  emission  of  the 
relaxation  spectrum,  the  onset,  completion,  and 
duration  of  1st  and  2nd  stages  of  the  AMA  em¬ 
brittlement  can  be  determined.  It  should  be  noted 
that  the  duration  of  2nd  embrittlement  stage  cor¬ 
responds  physically  to  the  incubative  period  of 
the  surface  crystallization,  and  the  completion  of 
the  latter  is  evidenced  by  the  crystallization  phase 
occurrence. 

According  to  modem  concepts,  for  the  vast 
majority  of  AMAs  of  metal-metalloid  type,  the 
bulk  crystallization  is  preceded  by  the  surface  one 
(SC)  [13].  The  SC  differs  from  bulk  one,  first  of 
all,  by  the  composition  of  crystalUzing  phases. 
For  Fe-based  AMAs,  the  SC  proceeds  according 
to  so-called  primary  mechanism.  It  consists  in  the 
formation  of  a-Fe  crystallites  in  the  surface-near 
areas  of  the  strip  having  thickness  of  0.5-2  pm. 
The  boron  and  carbon  atoms  play  a  leading  part 
in  the  change  of  the  crystallization  character 
[14,15].  The  selective  oxidation  of  B  atoms  which 
were  bonded  with  Fe  atoms  in  the  freshly  chilled 
state  causes  the  a-Fe  crystallization,  since  the 
chemical  composition  of  the  surface-near  areas 
comes  out  of  amorphization  range  due  to  car¬ 
bonization  [6,7,14].  This  explanation  is  supported 
by  the  analysis  of  surface-near  layers  of  the 
freshly  chilled  and  annealed  AMA  (a)  performed 
by  the  Auger  spectroscopy.  Since  concentrations 
of  elements  under  analysis  are  proportional  to  the 
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corresponding  Auger  peaks  amplitudes  [16],  con¬ 
centration  profiles  in  depth  of  strip  specimens 
were  constructed  in  the  scale  of  relative  ampU- 
tudes  of  Auger  peaks  which  were  calculated  as 


^rel- 


^0) 


(0 


(3) 


where  .4(i)  is  the  Auger  peak  amplitude  corre¬ 
sponding  to  the  element  analyzed; 

I 

sum  of  Auger  peaks  amplitudes  for  all  elements. 

Correlation  of  the  concentration  profiles  for 
strip  specimens  of  AMAs  (a,b,c)  in  freshly  chilled 
and  annealed  states  leads  to  following  conclu¬ 
sions: 

-  boron  atoms  diffuse  toward  the  surface  where 
they  undergo  the  selective  oxidation; 

a  surface  layer  forms,  depleted  in  boron; 

-  the  annealing  effect  causes  the  diffusion  of  at¬ 
mospheric  oxygen  atoms  and  carbonization  of 
surface  layers. 

To  describe  the  SC  kinetics,  the  Mehl-Jones- 
Avraami  law  is  conventionally  used  [17]; 


X(0  =  1  -  exp[-i  •  (t  -  tg)"] 

where  xU)  is  the  crystalline  phase  concentration; 
/()  is  the  incubative  period  duration; 
h  -  bg  ■  ex.p(-^/RD,  bg  is  a  constant;  U  is  the  SC 
activation  energy;  R  is  the  gas  constant;  T  is  the 
temperature  (K). 

Thickness  of  layers  containing  the  crystalline 
phase  was  studied  experimentally  as  a  function  of 
the  annealing  temperature  and  duration.  Strip 
AMA  specimens  after  the  thermo-magnetic  treat¬ 
ment  (TMT)  are  three-layer  plates  consisting  of 
partially  crystallized  layers  adjacent  both  to  the 
contact  and  free  surfaces  and  separated  by  an 
amorphous  core  [18,19].  Specimens  after  TMT 
had  a  straight  form  which  indicated  to  the  equal 
thickness,  d,  and  properties  of  layers  mentioned. 
The  layer  containing  the  crystalline  phase  was 
etched  on  one  side  of  the  strip  specimen.  Begin¬ 
ning  trom  a  certain  thickness  of  the  removed 
layer  depending  on  the  annealing  duration 
(^o“  °C,  X  =  45,  60,  75,  90,  and  1 15  min),  the 

curvature  radius  of  specimens  remained  constant. 
The  technique  of  the  ciy'stallized  surface  layer 
thickness  determination  is  described  in  detail  in 
[18].  Table  1  shows  the  experimental  results  of  d 
values  determinations  for  the  AMA(a).  It  is  seen 
from  those  data  that  the  SC,  on  its  initial  stages, 
is  characterized  by  following  features; 
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Table  1 .  Thickness  of  the  crystallized  layer,  d.  and 
stable  curvature  radius  for  AMA  (a)  as  functions  of 
the  isothermal  aimealing  duration,  t,  at  7”  =  480  °C. 


Aimealing  time,  min 

45 

60 

75 

90 

115 

Layer  thickness, 
d,  um 

0.2 

0.39 

0.47 

0.67 

0.92 

Stationary  curvature 
radius,  R,  mm 

239.5 

194 

96 

78 

67.2 

-  the  linear  relationship  between  the  thickness  of 
layer  containing  crystalline  phase  and  the  high- 
temperature  annealing  duration; 

-  the  incubative  period  duration  (Cq)  is  close  to 
25  min  at  Tg  =  480  °C. 

To  describe  the  movement  of  the  surface  crys¬ 
tallization  front,  let  assume  that  the  incubative 
period  duration,  ig,  for  a  layer  having  thickness 
dz  and  positioned  at  distance  z  from  the  strip 
surface,  is  a  function  of  boron  atoms  concentra¬ 
tion.  The  latter  is,  as  it  follows  from  the  boron 
atoms  concentration  profile  in  depth,  the  linear 
function  of  z,  i.e. 


dz 


k  =  const 


(5) 


By  integrating  of  Eq.(5)  with  regard  for  boundary 
conditions 


^o(^)  i  z=  0  “  ^0>  ^o(^)  I  z  =  D  “  F  ^0 
where  D  is  the  maximum  thickness  of  layer  crys¬ 
tallized  from  the  surface  on  and  containing  a-Fe; 
V  is  the  SC  front  velocity,  we  obtain 

tgizj)  =  ^  +  tg,  k-C^^V 

Inserting  fo(z.f)  into  Eq.(4),  we  have  as  an  ulti¬ 
mate  result 


- 

n  -] 

-b[t- 

^  z 

1 

L  V 

'j  J 

- - 

were  evaluated  by  independent  experiments.  The 
SC  activation  energy,  U,  was  detennined  using 
Kissinger  method  [6,19,20]  from  the  temperature- 
caused  displacement  of  the  crystallization  peak  at 
varying  heat  rates  (dT/dt  -  2;  5;  10;  20  deg/min). 
The  value  of  parameter  n  was  obtained  from  ex¬ 
perimental  relationships 

Infln^l  -  x(t„  z,)/ln[l  -  x{t,, 
ln(/,.  -  tgyin(tj  -  tg) 


(9) 
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where  /,  j  are  ordinal  numbers  corresponding  to 
annealing  durations  t  =  45,  60,  75,  90,  115  min 
(;•  /);  ^(t z,)  is  the  a-Fe  concentration  on  the 
crystallization  front,  whose  value,  according  to 
structural  investigations,  does  not  exceed  1-5  %. 
As  is  shown  in  [13-15],  the  x(0  value  on  the  SC 
front  depends  only  slightly  on  the  time  t  at  initial 
stages.  Besides,  it  follows  from  [16]  that,  in  the 
primary  crystallization  case  (i.e.  in  that  just  under 
consideration),  n  =  1.  The value  averaged  over 
the  entire  experimental  data  set  (9)  amounted,  in 
fact,  toM  =  1.0635  for  AMA  (a)  and  n  —  1.03 14  for 
(c).  Numerical  values  of  SC  activation  energy 
were  U  =  90  kJ/mol  for  the  (a)  AMA  and 
[/  =  68  kJ/mol  for  (c). 

Furthermore,  the  direct  experimental  study 
was  performed  to  confirm  the  above  criterion 
(Eq.(l))  of  the  1st  embrittlement  stage  onset.  The 
(b)  AMA  specimens  were  subjected  to  annealing 
at  T  =  300  °C  (Fig.5).  From  some  specimens,  em¬ 
brittled  layers  were  removed  by  etching,  electro¬ 
polishing  or  machining  methods.  Thereafter, 
relative  heat  emissions  in  the  low-temperature  RS 
range  were  correlated  expressed  by  ratios 

lh(Jo,T,T)dT 

T _ 

\h{T,T=10°C,x  =  0)dT 
T 

where  numerator  is  the  heat  evolution  of  speci¬ 
mens  with  and  without  embrittled  layers,  denomi¬ 
nator  is  that  of  the  freshly  chilled  ctrip  (see  Fig.5). 
For  specimens  with  embrittled  layers,  this  ratio 
had  always  a  negative  value,  while  for  those  from 
which  embrittled  layers  were  removed,  a  positive 
one.  Mechanical  tests  have  shown  that  specimens 
devoid  of  embrittled  layers  demonstrated  the 
plasticity  in  full  measure  (as  much  as  the  freshly 
chilled  strip)  what  was  evidenced  by  the  occur¬ 
rence  of  a  residual  unbending  angle  after  the  test¬ 
ing  of  free  bending  by  180  degrees  [21]. 

Discussion 

The  performed  study  of  the  viscous-to-brittle 
transition  (1st  embrittlement  stage)  of  amorphous 
metal-metalloid  type  alloys  allow  to  conclude 
that: 

-  the  embrittlement  of  AMAs  is  a  process  de- 
velopping  in  time;  the  overlap  of  the  whole  trans¬ 
versal  ‘section  of  a  strip  by  embrittled  layers 
indicates  to  the  completion  of  the  1st  embrittle¬ 
ment  stage  and  onset  of  2nd  one; 

-  this  process  commences  from  the  strip  surface; 
the  thickness  of  layers  having  losen  the  plasticity 
is  a  function  of  the  intensity  and  duration  of  des- 


-dAH/dT,  J/g  deg. 


Fig.5.  Variation  of  the  RSHE  for  AMA(b)  at  isother¬ 
mal  annealings,  Tq  =  300  ®C:  for  freshly  chilled  speci¬ 
men,  (1),  annealed  for  t  =  10  min,  (2),  t  =  40  min,  (3), 

T  =  90  min,  (4),  and  t  =  1 80  min,  (5);  specimens  4  and 
5  are  embrittled. 

tabilizing  effects,  especially,  at  annealing,  a  func¬ 
tion  of  its  temperature,  Tp,  and  duration,  r; 

-  embrittled  layers  are  in  an  amoqthous  state, 
what  is  evidenced  by  the  structure  investigation 
results  using  X-ray  analysis  [22],  Moessbauer 
spectroscopy  [9,23],  differential  scanning  cal¬ 
orimetry  [6,7],  electron  microscopy  [10],  spectral 
ellipsoihetry  [24]. 

The  amorphous  state  of  those  deplasticized 
surface  layers  differs,  however,  both  from  initial 
one  and  from  that  of  the  amorphous  core.  The 
above-mentioned  experimental  results  of  me¬ 
chanical  tests  and  variations  of  the  RSHE  associ¬ 
ated  strongly  with  those  results  give  the  most 
compelling  evidence  for  this  statement.  More¬ 
over,  the  difference  between  of  Young  module 
values  for  embrittled  layers  and  for  the  plastic 
core  is  shown  to  amount  up  to  15  %  [25]. 

There  is  a  number  of  indirect  evidences  sup¬ 
porting  the  above  interpretation  of  mechanical 
test  results  and  calorimetric  measurements.  Espe¬ 
cially,  the  occurrence  of  second  Curie  tempera¬ 
ture,  T^,  was  found  for  AMA  Fe4oNi4oP 20 
annealing  resulting  in  emhbrittlement.  Spectro-el- 
lipsometric  measurements  performed  on  an  AMA 
of  Fe-Ni-Si-B  system  have  shown  the  occur¬ 
rence  of  a  doublet  structure  in  the  IR  range  of  the 
optical  conductivity  spectrum  after  annealings 
[24].  This  anomaly  indicates  that,  in  surface-near 
areas,  structural  inhomogeneities  are  appeared 
having  dimensions  of  several  hundreds  of  Ang¬ 
strom  units.  The  doublet  structure  occurrence  is 
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explained  by  collisions  of  conducti\aty  electrons 
with  those  inhomogeneities. 

The  sound  emission  study  performed  on 
freshly  chilled  and  embrittled  AMAs  specimens 
of  several  compositions  including  alloys  (a),  (b), 
and  (c),  under  uniaxial  tension  and  bending  test 
conditions,  demonstrated  substantial  changes  of 
the  acoustic  emission  spectrum  characteristics  af¬ 
ter  a  thermal  treatment.  These  changes  involve  a 
new  pattern  of  distribution  of  shift  pulses,  a  re¬ 
duction  of  their  number  and  transformation  of 
form,  as  well  as  the  occurrence  for  embrittled 
specimens,  of^ several  powerful  pulses  which  cor¬ 
respond  to  the  formation  and  growth  of  embrit¬ 
tlement  fractures  [26]. 

Experimental  data  relating  to  the  X-ray  small- 
angle  dissipation  showed  the  dissipation  intensity 
increasing  by  3-4  times  for  embrittled  specimens 
as  compared  with  freshly  chilled  ones  [27], 

Thus,  it  is  beheved  that,  in  embrittled  layers, 
some  structural  changes  take  place  not  removing 
the  material  from  the  amorphous  state  but  result¬ 
ing  in  the  formation  of  a  new  amorphous  phase. 
That  is  supported  by  the  Auger  spectroscopy  data 
[28,29]  which  evidence  a  change  of  the  chemical 
composition  of  surface  layers  in  AMAs  strip 
specimens  after  anneaUng.  That  change  consists 
in  the  increase  of  metalloid  atoms  concentration 
by  3-4  times  in  comparison  with  the  initial  state 
due  to  transition  of  those  atoms  into  surface-near 
areas.  We  have  found  the  inhomogeneity  of  the 
metalloid  atoms  distribution  not  only  in  depth 
but  also  in  planes  parallel  to  strip  specimen  sur¬ 
face.  The  measurements  were  performed  using  X- 
ray  microprobe  [30].  It  follows  from  this  fact  that 
metalloid  atoms  are  gathered  together  forming 
clusters  having  transversal  dimensions  of  several 

O 

hundreds  of  A  and  consisting,  in  our  opinion,  a 
new  amorphous  phase. 

The  first  reversible  embrittlement  stage  termi¬ 
nates  when  deplasticized  layers  overlap  the  whole 
section  of  amorphous  strip.  From  this  instant  on, 
the  second  irreversible  AMA  embrittlement  stage 
begins.  On  this  stage,  the  mechanical  behaviour 
of  an  AMA  of  metal-metalloid  type  is  charac¬ 
terized  by  a  sharp  e^drop  from  values  of  -10“’  to 
those  of  <  10“^  (see  Fig.l).  This  fact  is  associated 
with  precrystallization  processes:  the  crystal¬ 
lization  centers  formation  and  pre-critical  growth 
of  crystalline  phase  nuclei.  These  latter  are,  on  the 
one  hand,  concentration  sites  for  external  stresses 
and,  on  the  other  hand,  the  source  of  internal 
ones.  In  [18],  a  mechanism  is  supposed  for  the 
occurrence  of  a  stressed  state  in  partially  crystal¬ 
lized  (from  the  surface  on)  AMAs,  and  the  main 
contribution  is  shown  to  be  due  not  to  “phase” 
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stresses  [14,  15]  but  to  those  occurring  as  a  result 
of  the  difference  between  thermal  expansion  coef¬ 
ficients  of  the  crystalline  phase  and  amorphous 
matrix.  Processes  resulting  in  the  increase  of  in¬ 
ternal  stresses  and  concentration  of  external  ones 
cause  a  sharp  drop  of  the  relative  deformation  at 
failure,  e^,  to  <  10“2  values. 

The  result  obtained  can  be  used  to  resolve 
some  practical  problems:  prediction  of  thermal 
stability  of  AMAs  mechanical  characteristics  at 
any  temperature  [6];  evaluation  of  allowable  tem- 
perature-and-time  working  ranges  for  AMAs 
used  as  construction  materials;  calculations  of  the 
guaranteed  service  Ufe  for  cores  made  of  AMAs 
in  medium-  and  high-power  transformers;  regula¬ 
tion  of  hysteresis  loop  characteristics  (the  rectan- 
gularity  coefficient  and  Slope)  by  means  of 
stressed  state  variation  in  partially  crystallized 
strips  of  magnetic  circuits  [10], 

Conclusions 

1.  The  decay  process  of  amorphous  alloys  of 
the  metal-metalloid  type  is  accompanied  by  the 
degradation  of  mechanical  properties  and  is  char¬ 
acterized  by  a  transition  from  plastic  state  to  em¬ 
brittled  one  and  from  the  latter  to  the  crystalline. 
The  AMA  embrittlement  is  the  two-stage  process. 
On  the  first  reversible  stage,  it  is  associated  with 
the  formation  of  deplasticized  layers  growing 
from  the  surface  on.  The  second  stage  is  the  incu¬ 
bative  period  of  the  surface  crystalhzation. 

2.  A  close  correlation  between  the  heat  emis¬ 
sion  of  the  relaxation  spectrum  and  embrittle¬ 
ment  kinetics  is  first  revealed  for  AMAs  of  the 
type  mentioned.  The  entire  disappearance  of  the 
heat  emission  of  the  relaxation  spectrum  low- 
temperature  part  dropping,  at  a  fixed  tempera¬ 
ture,  proportionally  to  logarithm  of  the  thermal 
action  duration,  corresponds  to  the  onset  of  1st 
embrittlement  stage,  i.e.  to  AMA  transition  from 
the  plastic  state  to  the  embrittled  one.  The  onset 
of  the  second  embrittlement  stage  is  determined 
by  zero  heat  emission  of  the  relaxation  spectrum. 

3.  It  is  found  that  the  free  surface  plays  a  lead¬ 
ing  part  in  the  process  of  amorphous  state  decay. 
Both  embrittlement  and  crystallization  begin 
from  amorphous  strip  surface.  In  the  first  case, 
that  is  associated  with  the  transition  of  metalloid 
atoms  into  surface-near  areas  and  formation  of  a 
new  amorphous  phase  clusters,  while,  in  another, 
with  selective  oxidation  of  those  atoms  removing 
the  composition  of  surface  layers  from  the  amor- 
phization  area  and  causing  the  surface  crystal¬ 
lization. 
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The  results  obtained  allowed  to  develop  pro¬ 
cedures  for  the  determination  of  thermal  stability 
of  AMA  mechanical  characteristics,  as  well  as  to 
evaluate  the  time  of  transition  from  the  plastic 
state  to  embrittled  one  and  the  duration  of  the 
surface  crystallization  incubative  period  for  any 
temperatures. 
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BjlHHHHe  nOBCpXHOCTM  HB  OpOUCCC  paCHB^a  H  3BOJIIOUHK) 
MeXBHHHeCKHX  CBOMCTB  BMOpijlHblX  MeTBJlJlHMeCKHX  CIUIBBOB  TMIIB 

MeTajiJi-MeTaJiJioH,a 


C.r.SaMHeHKO,  B.M.KaHajioB 


UpoBeneHO  HccJieflOBaHHe  aMop4)Hbix  MexanjiHHecKHX  cnnasoB  rnna  MerajiJi-MeranJioHfl  non 
BJIHHHHeM  xepMHUeCKHX  BOBjreHCTBHH  OX  HCXOnHOPO  C0CT051HH«  RO  HaUajIbHblX  CXagHH  KpHCTajUIHSaMHH . 
ycraHOBJieHO,  hto  MexaHHuecKHe  xapaKxepncTHKH  AMC  oxpa)Kaiox  ocnoBUbie  cxanHH  oxoro  npouecca, 
TO  ecTb  Ha6jiionaexcB  nepexofl  Maxepnajia  h3  nJiacxHHHoro  cocxonHnn  b  oxpynHeHHO^  BnepBbie 
o6Hapy>KeHa  xecHan  KoppeJinunsi  Me*ny  HBMeHenHaMK  MexaHHuecKHX  xapaKxepncxHK  AMC  h  3BOjno- 
unen  xenjioBbweneHHfl  pejiaKcapHOHHoro  cneKxpa,  KonHHecxBeHHbie  napaMexpu  Koxoporo  nosBOJimox 
onpeneJinxb  coeronnHe  MaxepnaJia  AMC  na  pasJiHHHbix  cxannax  pacnana.  HsMeueHne  KOHueHxpauHH 
nocjieflHHx  B  npunoBepxHocTHbix  o6jiacTflX  o6ycJiOBJrHBaeT  aapoxcneHne  oxsexcTBenubix  3a  ox- 
pvilHHBaHHe  KiiacrepoB  hoboh  aMop(t)HOH  cpasbi  h  npoxeKanHe  noBepxHOCTHOH  KpHcxanjiHsaunn  sa  cuex 
ceneKTHBHoro  OKHcnenns  MerannoHAOB.  KpaxKO  paccMorpenbi  npaKTHuecKue  npHnoKeuna  nony- 
ueHHbix  pesyjibxaxoB. 
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Distortions  induced  by  surfacelike  elastic  constants  in 
NLC  confined  to  cylindrical  cavity 

A.D.Kiselev  and  V.  Yu.Reshetnyak* 

Chernigov  Technological  Institute,  95  Shevchenko  St., 

250027  Chernigov,  Ukraine 

*Institute  for  Surface  Chemistry,  National  Academy  of  Sciences  of  Ukraine, 

3 1  Nauki  Ave.,  252028  Kiev,  Ukraine 

In  this  paper  we  consider  NLC  confined  in  a  cylindrical  cavity  under  the  anchoring  conditions  of  various 
types.  The  influence  of  the  saddle-splay  and  splay-bend  terms  (the  and  the  A^jj-tenn)  on  the  axial 

director  configuration  stability  is  investigated.  By  using  the  Fourier  expansion  of  director  fluctuations  over 
azimuth  angle  our  analytical  method  of  attack  enables  the  stability  conditions  to  be  found  in  terms  of  the 
stability  with  respect  to  each  fluctuation  mode.  Two  ways  to  stabilize  the  structure  are  explored;  the 
stabilization  by  magnetic  field  and  by  the  action  of  the  boundary  conditions.  We  get  the  restrictions 
imposed  on  the  values  of  the  constants  to  make  the  stabilization  possible.  The  dependence  of  the  resultant 
stability  threshold  on  the  surfacelike  dastic  constant  values  is  calculated.  We  discuss  in  detail  experimentally 
detectable  effects  due  to  the  presence  of  the  A^jg-term.  It  is  shown  that  the  escaped -radial  director  structure 
exhibits  some  special  features  induced  by  the  Aijj-tam. 

B  craTTi  poarjianyro  HeMaxHHHHH  piflKHH  KpHcran,  aaMKHyTHii  y  UHJiiHflpHHHiH  nopojKHHui,  npn 
pisHHX  yMosax  anenJieHHH.  ^ocjiinateHO  BnJiHB  nneniB  ^24  i  /C|3,  mo  onHcyroxb  KOMfliHOBaui 
fle(|)opMauii  (cKomeuy  cm.aoBHflHicTb  xa  kochh  bhfhh),  ua  cxiuKicxb  aKciajibHoi  KOH(|)irypauii 
tmpeKxopa.  AHajiixHHHHH  ninxin  aBXopiB  is  BHKopHcxaHHJiM  posKJiaay  4»jiyKxyauiH  OTpeKxopa  b  pan 
Oyp’e,  nosBOJiae  BHanaHHXH  yMOBH  cxiitKocxi  no  BiflHomeHHio  flo  koxhoi  moot  (})JiyKxyauiH.  /locjii- 
a>KeHO  OTa  cnoco6n  cxafiiJiiaauii'  cxpyKxypn:  3  /lonoMoroKD  MarnixHoro  nojia  xa  snjiHBy  KpaiioBHX 
yMOB.  SnaHOTHo  ofiMOKenHa  sHaaenb  Koncxaux,  mo  aafiesneayioxb  MoacanBicxb  cxaeiaiaauif. 
PoapaxoBano  sajioKuicxb  pesyabxyioHoro  nopory  cxiuKocxi  Bifl  anaHCHb  noBepxneBo-nonifiHHX 
KOHCxanx  npyacnocxi.  ^loicaaOTO  poarJianyxo  eKcnepHMenxaJibHO  BHaBJieui  e(})eKXH,  ofiyMOBJieHi 
HaaBHicxK)  HJiena  floKaaaHO,  mo  paniajibna  cxpyKxypa  OTpexxopa  Mae  aeaKi  cneun^iMHi 
ocofijiHBocxi,  ofiyMOBJieni  hjichom  Ar|3. 

I.  Introduction 

As  it  have  been  shown  in  the  papers  [1-3],  in 
addition  to  the  usual  Frank  terms  (splay  plus 
twist  plus  bend)  the  nematic  free  energy  contains 
so-called  surfacelike  elastic  terms,  that  is,  two 
terms  of  divergence  form,  saddle-splay  and  splay- 
bend  ones  which  can  be  transformed  into  inte¬ 
grals  over  the  boundary  surface  and  are 
proportional  to  the  surface  elastic  constants  being 
referred  as  A,'24  and  AT,  3,  respectively.  They  may 
be  taken  in  the  following  forms: 
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^24  =  - 


_ ^ 

2 


^  J  rfv  div  [n  div  n  -I-  [n  curl  nj]  ^  ^ 


F-13  = 


Ai3 


I  div  [n  div  ft] 


(2) 


where  n  is  the  nematic  director  field. 

The  surface  terms  are  irrelevant  if  we  are  in¬ 
terested  in  the  bulk  properties  of  NLC,  but  they 
are  of  considerable  importance  in  the  under¬ 
standing  of  the  physical  properties  of  NLC  con¬ 
fined  in  geometries  more  restrictive  than  bulk. 
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Taking  up  first  the  A:24-problem,  the  case 
when  the  /Cjj-tenn  is  disregarded,  notice  that  the 
problem  of  minimizing  the  free  energy  with  the 
Ai24-tenn  was  shown  to  be  always  well-posed  be¬ 
cause  this  term  does  not  contain  the  director  de¬ 
rivatives  along  the  directions  normal  to  the 
boundary  surface  [4,5].  Hence,  the 
affects  the  standard  boundary  conditions.  Re¬ 
cently,  physical  effects  whose  very  occurrence 
critically  depends  on  the  yalue  of  K24  has  been 
shown  to  exist  [5-7],  and  even  estimates  of  the 
constant  has  been  made  [8.9]. 

In  contrary  to  the  K24  problem,  the  issue  con¬ 
cerning  a:, 3-term  is  much  more  questionable.  In 
the  strict  sense,  the  free  energy  functional  with  the 
a:, 3-term  is  unbounded  from  below  and  that  is 
the  reason  why  strong  spontaneous  substrate  di¬ 
rector  deformations  were  found  to  be  possible 
[10].  One  way  to  avoid  such  an  unphysical  effect, 
proposed  in  [1 1,12],  is  to  search  the  director  dis¬ 
tribution  minimizing  the  free  energy  functional 
among  the  solutions  of  the  Euler-Lagrange  equa¬ 
tions.  To  examine  the  validity  of  this  approach 
we  study  in  this  paper  how  the  surfacelike  terms 
affect  the  stability  threshold  of  axial  director  con¬ 
figuration  for  NLC  confined  in  a  cylindrical  cav¬ 
ity  in  the  presence  of  stabilizing  magnetic  field 
under  the  anchoring  conditions  of  different  kind. 

In  Sec.II,  the  stability  analysis  is  given  in  the 
one-constant  approximation.  But  using  the 
Fourier  expansion  of  director  fluctuation  over 
azimuth  angle  we  derive  inequalities  which  give 
the  stabihty  condition  for  axial  structure  with  re¬ 
spect  to  each  fluctuation  harmonics.  We  explore 
two  ways  to  stabilize  the  structure  in  question;  by 
the  magnetic  field  and  by  the  action  of  boundary 
conditions.  In  both  cases  we  have  had  the  restric¬ 
tions  imposed  on  the  values  of  Ai|3  and  K24  if  one 
takes  the  assumption  that  the  configuration  can 
be  stabilized.  Namely,  the  stabilization  is  ap¬ 
peared  to  be  possible  provided  that  the  quantity 
a:, 3/4/:  takes  the  values  lying  between  ^34  “ 
(^24)'^^  and  ^24  +  (^24)''^  where  the  notation  934 
denotes  K24I2K.  We  also  discuss  whether  the 
number  of  fluctuation  harmonics,  which  deter¬ 
mines  the  resultant  stability  threshold,  could  be 
changed  by  the  magnetic  field  or  by  the  anchoring 
energy  at  the  given  values  of  A^24  and  The 
results  of  numerical  calculations  are  presented. 

The  escaped-radial  director  configuration  is 
investigated  in  Sec.III.  The  stability  threshold 
with  respect  to  zero  fluctuation  harmonics  is 
shown  to  describe  the  transition  between  the  axial 
structure  and  the  escape-radial  one.  A  compari¬ 
son  of  the  energies  reveals  that  there  are  the  val¬ 
ues  of  a:,  3  at  which  the  stability  condition  does 


not  provide  the  global  stability  ol  the  axial  pat¬ 
tern.  The  A', 3-term  is  found  may  produce  an  addi¬ 
tional  degree  of  the  energy  degeneracy  and  that, 
in  its  turn,  would  result  in  the  appearance  ol  dis- 
clination  circle  a  the  surface. 

n.  Stability  of  axial  director 
configuration 

Let  us  consider  a  NLC  confined  in  a  the  cylin¬ 
drical  cavity  of  radius  R  in  the  presence  of  mag¬ 
netic  field  applied  along  the  cavity  axis,  H  =  1 1  c,. 
The  NLC  free  energy  may  be  taken  in  its  standard 
form: 

F  =  Y I  cTv  [^(div  n)^  -1-  (curl  n)^  -  q^nf^  +  /'24  + 

V 

i  ! 

where  the  one-constant  approximation  is  used 
and  (?”'  magnetic  coherent 

length,  Xa  is  tbe  anisotropic  part  of  magnetic  sus¬ 
ceptibility,  which  is  assumed  to  be  positive).  In 
Eq.{3),  the  energy  of  the  interaction  between  the 
NLC  and  the  cavity  wall  is  presented  as  a  sum  of 
two  addens  written  in  the  Rapini-Papoular  form 
[13].  The  first  one  is  the  anchoring  energy  under 
the  homeotropic  boundary  conditions  (the  vector 
of  easy  orientation  is  normal  to  the  confining  sur¬ 
face)  and  the  last  term  represents  the  energy  of 
planar  director  anchoring  to  the  wall  (the  vector 
of  easy  orientation  is  directed  along  the  cavity 
axis).  To  begin  with  the  stability  analysis  it  is  con¬ 
venient  to  write  the  director  in  the  cylindrical  co¬ 
ordinate  system  (OZ  axis  is  parallel  to  the  cavity 
axis)  as  follows; 

n  =  cos©cos<De^-(-cos0coscb^  +  sin0e<p  (4) 

where  @  =  ©(r,(p)  and  O  =  0(r,(p).  Evidently,  the 
axial  director  distribution  (iiq  =  e^)  can  be  ob¬ 
tained  from  Eq.(4)  on  putting  ©  =  0=0.  Herein¬ 
after,  we  shall  use  the  notations  9  and  4i  for  small 
deviations  of  the  angles  ©  and  O  from  zero. 

To  study  the  axial  configuration  stability  one 
has  to  substitute  the  director  field  given  by  Eq.(4) 
into  the  expression  for  the  NLC  free  energy 
Eq.(3)  and  derive  the  second-order  variation  of 
the  free  energy  functional  as  a  second-order  part 
of  the  energy  in  the  angle  fluctuations  0  and  f 
For  short,  we  omit  the  expression  for  the  second- 
order  variation  from  which  one  can  obtain  the 
Euler-Lagrange  equations: 


Functional  nfaterials,  2,  2,  1995 


241 


where 


Since  the  angle  fluctuations  are  27t-periodic 
functions  of  the  azimuth  angle,  they  can  be  ex¬ 
panded  in  the  Fourier  series  over  cp. 

CO 

9  =  (27t)  Y.  ejr)  exp(im(p) 

m  —  —CO 


To  solve  the  Euler-Lagrange  equations  let  us  in¬ 
troduce  new  Fourier  amplitudes  in  the  following 
way: 

=  (<('('■)  +  (7a) 

=  (<!)(/') +  /ej/-)/2  (7b) 

The  solutions  are  expressed  in  terms  of  modified 

Bessel  functions  [14]: 

(? <t>i('-)  =  cl  4^,  {q  r),  («) 
where  are  the  complex  coefficients 
(Re  C7  -  Al  and  Im  C/  ^BlJ=  I,  2),  IJx)  is 
the  modified  Bessel  function  of  order  m. 

After  inserting  Eqs.(6-8)  into  the  expression 
for  the  second-order  variation  of  the  free  energy 
we  have  the  one  as  a  sum  of  quadratic  forms  in  A 
and  Bj.  ^ 

00 

8V=  X[5"'=',W  +  SV„(B)] 

m=0 


For  the  axial  configuration  to  be  stable  all  the 
quadratic  forms  5^F^(A)  should  be  positive  defi¬ 
nitely,  so  that  the  condition  of  the  axial  structure 
stabihty  is  given  by  a  set  of  inequalities  descrip¬ 
tive  of  the  stability  with  respect  to  each  fluctua¬ 
tion  harmonics  specified  by  number  m.  Standard 
algebraic  analysis  provides  the  conditions  for 
5^F^(A)  to  be  definitely  positive  which  are  taken 
in  the  form  suitable  for  subsequent  discussion. 


+  4c?i3(^a,„(x:)[2p„,(x)  -(m+  1)^24]  + 

+  q24im  -  l)p„,(x)  +  Wp(a^{x)  +  p^(x)))  + 

+  4^a^(x)  +  (m-  1)^24  +  =< 

(Pm(^)  -  ("^  +  1)924  +  ^p)- 

The  following  designations  for  four  dimension¬ 
less  parameters  were  used:  Wf^=  W^^RIIK, 
Wp  =  WpRUK,  ^24  =  K24/2K  and  ^,3  =  K^^/IK. 

Since  parameter  is  nonnegative,  we  can  de¬ 
termine  the  resultant  stability  threshold  as  a 
greatest  lower  bound  of  the  quantities  which  de¬ 
termine  the  stability  for  each  fluctuation  mode: 

[TR^ix)]  (13) 


TR  =  J  ^  ^  ®  ^ 

[0,  Otherwise  (14) 

Then  the  stability  condition  becomes 

w^,<W^(x).  (15) 

In  what  follows  we  consider  the  possibility  for 
the  axial  director  pattern  to  be  stabilized  either  by 
applying  the  magnetic  field  or  by  increasing  the 
anchoring  energy  W^.  Mathematically,  if 
W^(x)  =  0  at  =  0  for  all  x  >  0  one  can  say  that 
the  magnetic  field  fails  to  stabihze  the  axial  con¬ 
figuration  under  the  homeotropic  anchoring  con¬ 
ditions.  In  other  case,  of  lV^(x)  =  0  at  x  =  0  for  all 

>  0  we  have  the  configuration  to  be  unstable, 
even  though  the  boundary  conditions  make  the 
molecules  of  NLC  orient  along  the  cavity  axis. 

KiA-term  influence  on  the  stability  threshold 

In  this  subsection,  we  deal  with  the  case  of 
/^13  =  0.  There  is  no  need  to  make  numerical  cal¬ 
culation  to  arrive  at  the  conclusion  that  the  axial 


242 


Functional  materials,  2.  2,  1995 


Fig.l.  a.The  plots  of  TR„  versus  for  /n  =  0  -  3  at  -  0.8.  ft.The  stability  diagram  in  plane  at 

gT?  =  1  _  3.  In  both  figures  the  stability  region  is  arranged  below  the  curves. 


structure  cannot  be  stabilized  by  the  magnetic 
field  if  the  value  of  ?24  does  not  lie  within  the 
interval  (0,1)-  In  other  words,  it  means  that,  for  a 
given  value  of  x,  it  is  possible  to  find  a  number  m 
such  that  either  P^^x)  <  o  ?24  takes 

the  value  which  is  outside  the  interval  (0,1).  To 
prove  our  contention  let  initially  be  negative, 
so  that  Pmi^)  >  0  for  any  m.  The  expression  for 
t^(x)  can  be  derived  from  Eq.(12)  on  putting 
Wp  =  q^^  =  0. 

tjx)  =  4  (/«  +  1)  +  (/n  -  1)  924] 

^  [Wi  “  ^24]  (16) 

Obviously,  the  sign  of  tj^x)  is  determined  by 
the  first  factor  enclosed  in  square  brackets  and  it 
remains  to  see  that  the  factor  goes  negative  if  m  is 
a  sufficiently  large  number,  since  a^(x:)  goes  to 
zero  as  w  — >00  (see  Eq.(llb)).  If  ^24  greater 
than  unity  it  will  suffice  to  note  that  7,„+i(^)  is 
monotonically  decreasing  function  of  m,  which 
tends  to  unity  as  m  — >  00,  and  therefore,  the  sec¬ 
ond  factor  of  Eq.(16)  enclosed  in  square  brackets 
will  be  negative,  beginning  with  sufficiently  large 
number  m,  while  the  first  one  is  positive. 

In  the  case  of  the  stabilization  by  the  action  of 
bounddJ?y  conditions  (x  =  0  and  Wp  >  0),  we  come 
readily  to  the  similar  conclusion.  As  a„,(0)  =  0 
and  P^(0)  =  m+l,  from  Eq.(12)  one  can  obtain 

tJO)  =  4  (m  +  l)  ^Wp  +  (m-l)  924]  X 


It  is  clear  that  f^(0)  goes  negative  for  sufficiently 
large  number  m  under  ^24  b®ing  out  of  the  inter¬ 
val  [0,1]. 

The  plots  of  TR„  in  relation  to  x  =  qR  are 
presented  in  Fig. la  at  ^24  ”  m  =  0  -  3.  As 

illustrated,  the  first  fluctuation  harmonics  (m  =  1) 
defines  the  stability  threshold  in  the  case  of  small 
magnetic  field  strength  (TR^iO)  =  0),  but  the 
number  of  the  mode,  governing  the  threshold, 
changes  to  zero  as  the  field  strength  increases. 
The  harmonics  which  contribute  to  the  resultant 
stability  threshold,  W^(x),  are  increasing  in  num¬ 
ber  with  the  quantity  ^24  approaching  zero  or 
unity.  Interestingly,  TR„(x)  are  not  equal  to  zero 
for  all  m,  if  ^24  takes  a  critical  value  (0  or  1)  and 
a:  54  0,  but  lim  TR„  =  0  as  m  ->  00  and,  as  a  conse¬ 
quence,  W^(x)  =  0  for  any  x.  Hence,  high  order 
harmonics  play  an  important  part  in  the  vicinity 
of  critical  values  of  K24  causing  the  axial  structure 
to  be  destabihzed.  The  effect  of  the  destabiliza¬ 
tion  is  illustrated  in  Fig.  lb,  where  the  plots  of 
as  a  function  of  q^^  are  shown  at  qR  =  1,2,3. 

When  we  alter  the  anchoring  energy  Wp  to 
gain  the  stabilization  of  the  axial  director  struc¬ 
ture,  the  situation  we  encounter  is  rather  differ¬ 
ent.  Simple  analysis  reveals  the  fluctuation  mode 
with  m  =  1  alone  to  determine  the  stability  thresh¬ 
old  W^(0): 

W  _  V^~^g24  +  V 
^  1-924  +  '^P  (18) 
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WhR/2K 


Fer/StiK 


Fig,  2.  a.The  ^7? -dependence  of  TR^  for  w  =  0  -  3  at  =  0.8  and  9,3  =  0.5.  A. The  energy  of  the  escaped-radial 
configuration  as  a  function  of  parameter  z  at  =  2.0,  ^,3  =  1 .2,  -  0.75  and  =  0. 


so  that  it  is  impossible  to  change  the  number  of 
fluctuation  mode  contributing  to  the  threshold. 
At  last  there  is  nothing  to  forbid  the  value  of  ^24 
be  equal  to  zero  or  unity. 

K\^-term  influence  on  the  stability  threshold 

Here  we  find  out  how  the  surface  elastic  con¬ 
stant  A",  3  affects  the  axial  pattern  stability.  As  can 
be  seen  from  Eqs.(l  la-1  lb),  the  quantities  P^{x) 
do  not  depend  on  A, 3  and,  even  if  ^24  >  1.  it  is 
possible  to  meet  the  condition  P^{x)  >  0  by 
choosing  an  appropriate  magnitude  of  the  field 
strength,  that  is  x,  or  the  anchoring  energy, 
Because  of  this,  one  has  to  analyze  the  expression 
for  t^(x)  as  it  has  been  done  above.  Let  us  first 
have  the  case  of  x  =  0  and  >  0.  From  Eq.(12) 
we  have: 

=Am^  +  2  (-^1^3  +  +  2w^)  m  - 

-9l3+4  9i3(>^p-924)  + 

where 

^=-913  +  4^13  924  +  4^24(1-924) 

The  requirement  A  >  0  places  the  restrictions  on 

9i3and  ^24: 

2  1^924  -  (924)  <  9i3  <  2  j’924  +  (924) 

924  >0 

or  (21) 


1  +  9i3  [1+9i3]  “^2  924<  1  +  9i3  +  [1 -t- 29j3] 

9i3^-1'^2 

From  the  inequality  P,(0)  >  0  we  have  the  thresh¬ 
old  for  Wp\ 

>  924  -  913  -  1  +  [(924  -  913  -  1)^  +  913] 

Bearing  in  mind  Eqs.(21,22),  the  function 
oan  be  proved  to  be  an  increasing  func¬ 
tion  of  w  for  w  >  1 .  Thus  we  arrive  at  the  conclu¬ 
sion  that  =  TRfO): 

w  -  +  rrp  (Wp  +  2  +  2  9i3  -  2  924) 

1  +  ^+2,  -  924 

Notice  that  the  result  of  the  previous  subsection 
®  '^924  <  1  is  a  direct  consequence  of  Eq.(21)  and 
from  Eq.(22)  we  get  Wp  >  0.  The  latter  implies  no 
threshold  for  Wp  at  9,3  =  0. 

Coming  back  to  the  stabilization  by  the  action 
of  magnetic  field  under  the  homeotropic  anchor¬ 
ing  conditions,  Wp  —  0,  one  can  see  the  restriction 
given  by  Eq.(21)  remains  unchanged  since  the  co¬ 
efficient  A  of  the  quadratic  polynomial  in  m  of 
Eq.(19)  differs  from  one  in  the  case  of  nonzero 
magnetic  field  by  quantities  which  tend  to  zero  as 
m  ->oo.  Interestingly,  there  are  no  restrictions  on 
924  value  from  above  and  924  just  must  be  posi¬ 
tive.  Referring  to  Fig.2a,  it  can  be  seen  that,  even 
if  Wf^  =  0,  the  axial  pattern  is  unstable  until  the 
strength  of  magnetic  field  reaches  its  critical 
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value,  X  =  x^,  which  depends  strongly  on  ^24  ^nd 
^,3.  Indeed,  from  Eq.(17)  we  find  out  that 
t,(0)  <  0  at  =  0.  Therefore,  it  is  necessary  to 
apply  the  magnetic  field  of  finite  amplitude  to 
make  f,(0)  positive.  So  in  the  presence  of 
term  both  the  magnetic  field  (wf^  >  0,  =  0)  and 

the  anchoring  energy  lk),(x  =  W;,  =  0)  must  exceed 
their  threshold  values  to  make  the  axial  structure 
stable.  Here  we  have  the  effect  to  be  detected  ex¬ 
perimentally. 

in.  The  escaped-radial  structure  in 
the  presence  of  JSTo-  term 

To  clarify  the  role  of  that  term  we  study  here 
how  the  surfacelike  elastic  constants  affect  the  es¬ 
caped-radial  director  structure  [15].  The  configu¬ 
ration  had  been  explored  in  [9,16]  with  Kiytcrm 
alone,  but  some  new  effects  are  appeared  to  be 
induced  by  the  /C,  3-term.  The  director  field  and 
the  free  energy  for  the  structure  under  investiga¬ 
tion  are  given  by 

n=sin  l(r)^  +  co5%{r)^ 

2  _  2 

sinx(>')  =  ^2  ’’2 

p  +r 

where  p  is  the  integration  constant. 

Fer(z)/(27i/0  =  2  z  (1  +  z)"^  X 
x[z2  +  (3-2924  +  2w^-2w;,)2  + 

-t- 2  (1  -  924  +  +  2  ^  13)]  - 

where  z  =  (Rlp)^-  It  is  easy  to  see  that  Eqs.(25,26) 
lead  us  to  the  axial  structure,  provided  that  z  =  0, 
and  =  InKw^.  Therefore,  the  stability  of  the 
structure  is  governed  by  the  sign  of  the  term  in 
square  brackets  of  Eq.(26).  We  have  the  axial 
configuration  favourable  in  energy  over  the  es¬ 
caped-radial  on  under  the  term  being  positive  for 
all  z  >  0.  Interestingly,  the  stability  condition 
W/j  <  T^fO)  yields  the  increasing  of  at  z  =  0, 

that  is  to  say  it  means  the  local  stability  of  the 
axial  configuration.  In  the  event  when  Fj3  =  0, 
the  condition  is  sufficient,  but  as  evident  from 
Fig. 2b,  in  the  presence  of  the  F, 3-term,  the  local 
stabihty  does  not  imply  the  global  one.  Thus,  we 
encounter  here  the  effect  which  looks  like  as  bis¬ 
table  and  caused  by  the  F,  3-term.  For  sake  of 
definitqpess,  one  has  to  point  out  the  fact  that 
Eq.(22)  supplies  more  rigid  requirement  for  the 
axial  configuration  to  be  stable  which  makes  the 
difference  Fer-F^  positive  under  the  planar  an¬ 
choring  conditions,  so  that  there  is  nothing  to 
contradict  our  stability  analysis  and  the  effect 


(24) 

(25) 

(26) 


may  be  attributed  to  the  existence  of  the  thresh¬ 
old  for  w  . 

Another  effect  which  we  are  able  to  discuss  is 
connected  with  the  escaped-radial  configuration 
degeneracy  in  energy.  The  structure  is  known  to 
be  doubly  degenerate  due  to  the  mirror  symmetry 
-X,  that  is  the  reason  for  the  point  defects  to 
appear  along  the  cavity  axis  [9].  The  F, 3-term 
may  result  in  an  increase  in  the  degree  of  the  de¬ 
generacy  in  the  event  when  the  energy  F er(z) 
reaches  its  minimum  at  z  =  z^j^  >  1  (see  Fig. 2b). 
If  so,  a  new  configuration  of  the  same  energy  can 
be  defined  in  the  following  way: 

fsin  X  (r),  r  <  p^^ 

[-Sinx(^), 

(27) 

where  sinx(r)  is  given  by  Eq.(25)  with  p  Pmin 
=  R/z  .  In  the  same  manner  as  it  had  been 


sin  X  (/•)  = 


shown  for  the  mirror  symmetry  one  can  expect 
such  kind  of  degeneracy  to  produce  circles  of  the 
disclinations  at  the  surface.  It  must  be  empha¬ 
sized  that  the  F, 3-term  do  not  necessary  make  the 
value  of  z^ij,  greater  than  unity,  but  we  always 
have  z„i„  less  than  unity  provided  the  term  being 
neglected. 
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B03IVfymeHMSl  B  H^K,  3aKJlIOMeHHOIVf  B  UHJlIiHmpHHeCKOM  nOJlOCTH, 
noj3  BJiMHHHeM  noBepxHOCTHO-noiio5Hbix  KOHcraHT  ynpyrocTH 

A.^.KHceneB,  B.IO.PeuieTHaK 


B  CraTbe  paCCMOTpeH  HeMaTHHeCKHH  KpHCXajlJI,  SaKJlIOMeHHblH  B  UHJIHHapHHeCKVKI 

nojiocTb,  npH  paajiHHHbix  ycjioBHSX  cuenjieHHa.  Hccjre^IOBaHO  BJinaHHe  hjichob  h  onHCbiBa- 
lOIJJHX  KOM6HHHpOBaHHbiefle(})OpMaUHH  (CKOUJeHHyiO  CeanOBHflHOCTb  H  KOCOH  H3rH6),  Ha  yCTOHMHBOCTb 
aKCHaJibHOH  KOHcfiHrypauHH  flHpeKXopa.  AHajiHXHHecKMH  noflxofl  aBxopoB  c  ncnojibaoBanHeM 
pa3Ji05KeHHH  (fjjiyKxyauHH  flHpexxopa  b  paa  Oypbe,  no3BOJiaex  onpeaeBHXb  ycnoBHa  ycxoHHHBocxH  no 
oxHouieHHjp  K  Kaxcaofi  MOfle  (JjjiyKxyaqHH.  Hcnojib30BaHbi  asa  cnoco6a  cxa6HJiH3aqHH  cxpyKxypbi:  c 
noMombK)  MaxHHXHoro  nojia  h  BoaaeficxBHa  xpacBbix  ycjioBHH.  HaaaeHbi  orpaHHneHHH  BHaneHHH 
KOHCxaHX,  o6ecne4HBaK)mHe  B03MoacHocxb  cxa6HJin3auHH.  PaccHHxaHa  aaBHCHMOcxb  peayjibXH- 
pyioiuero  nopora  ycxoHHHBOcxH  ox  SHaneHUH  noBepxHocxHO-noaoSHbix  KOHcxanx  ynpyrocxii. 
noapo6HO  pacxJMOxpeHbi  3KcnepHMenxajibHo  o6Hapy3KHBaeMbie  acjxJjeKXbi,  oSycjioBJieHHbie  HajiHHHeM 
HJicHa  A,  9,  IloKaaaHO,  hxo  paanajibHaa  crpyKxypa  anpexxopa  o6aaaaex  HCKOxopbiMH  cneuHcjjHnecKHMH 
oco6eHHOcxaMH,  o6ycaoBaeHHbiMH  HaenoM  A, 3. 
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Interaction  with  surface  and  the  director  field  structure 
in  the  plane-parallel  cell  of  liquid  crystal  with 
Grandjean-Cano  type  disclinations 


M.F.Ledney  and  I.P.Pinkevich 


T.Shevchenko  Kiev  University,  64  Vladimirskaya  St.,  252017  Kiev,  Ukraine 

The  cholesteric  liquid  crystal  with  monotonous  change  of  twisting  power  along  the  plane-parallel 
celJ^resuTtSr^^^^  of  Grandjean-Cano  type  disclinations  is  considered.  It  .s  sho^  th^ 

the  ingomogeneity  of  the  cholesteric  twisting  power  and  the  finite  value  of  the  director  adheren 
iJiergy  wTh  the  ill  bounding  surfaces  influence  considerably  the  director  fie  d  structure  near  he 
disctoation.  The  director  field  in  the  neighbourhood  of  disclination  is  found  for  the  case  of  he  lifted 
longitudinal  dimension  {d  *  oo)  of  disclination  structure.  It  is  shown  that  its  dependence  on 
is  significant  if  d  has  the  order  of  the  cell  thickness  or  less. 


PoarjiHHyTO  xoJiecrepHHHHH  piflKHH  Kpucraji,  aaKpynyioMa  3AaTHicTb  UKoro  mohotohho 
3MiHK)erbca  no  aobuchhI  nJiocKonapaJiejibHoi  KOMipKH,  mo  npnBOflHTb  flo  nosiBH  AHCKJiiHamn  th  y 
rpaHK^Ha-KaHf  n^^  mo  neoAHopiAHicTb  aaKpynyioMoi  BAaTHocri  xotiecrepHHa  i  K.nueBa 

BLHHHHa  eneprii  3Hen.aeHHa  AnpeKTopa  3  odMeiKyiOHHMH  noBepxHSMH  KOMipKH  cyrreBO  BnJiHBaioTb 
Ha  crpyKTypy  nojw  AHpeKTopa  nodjinay  AHcioiiHauii.  SHaHAeno  noJie  AHpeKXopa  b  okojii  AHcioiiHam 
npn  o6Me*eHOMy  noB3AOBBCHbOMy  po3Mipi  (c/^cc)  AHCioiiHamHHoi 

aiieHCHiCTb  BiA  BeaHHHHH  d  CTaC  3HaHHOK),  lUCmO  d  MBC  HOpBAOK  TOBmHHH  KOMipKH  a6o  MeHmHH. 


1.  Introduction 

Unique  physical  properties  of  liquid  crystals 
(LC)  depend  on  the  director  field  spatial  structure 
which,  in  its  turn,  is  determined  by  the  director 
interaction  with  external  fields  and  the  cell  sur¬ 
face.  This  interaction,  in  some  cases,  causes  dis¬ 
continuities  in  the  director  variation,  i.e.  so-called 
dischnations. 

The  Grandjean-Cano  disclinations  are  known 
[1]  to  arise  in  wedge-shaped  cells  of  cholesteric 
liquid  crystals  (CLC)  when  a  jump-like  director 
change  by  one-half  revolution  of  the  cholesteric 
spiral  occurs.  Expressions  for  the  director  field 
distribution  near  a  Grandjean-Cano  disclination 
were  derived  earlier  [2]  in  form  of  infinite  series, 
while  in  [3]  a  solution  by  means  of  elementar 
functickis  was  found,  though  neglecting  the  cell 
wedge-like  shape.  In  both  works  mentioned,  infi¬ 
nitely  rigid  boundary  conditions  were  supposed 
for  the  CLC  director  on  the  cell  surface.  Actually, 
the  director  interaction  with  the  cell  surface  is  of 
course  not  infinitely  strong,  and,  since  significant 


strains  take  place  near  to  a  disclination  due  to  the 
director  jump-like  change,  an  essential  change  of 
the  CLC  director  field  structure  in  the  vicinity  of 
a  disclination  are  to  be  expected  already  at  rela¬ 
tively  small  diminishing  of  the  boundary  condi¬ 
tions  rigidity. 

In  a  plane-parallel  CLC  cell  with  planar 
boundary  conditions,  disclinations  can  be  ob¬ 
tained  if  use  is  made  of  the  molecular  photo  con¬ 
version  phenomenon.  In  fact,  molecules  of  some 
LC  are  able,  as  a  result  of  the  incident  light  ab¬ 
sorption,  to  change  its  conformation  transform¬ 
ing  into  relatively  long-lived  photo-converted 
states  [4].  Parameters  of  such  photo-converted 
molecules  (PCM)  differ  from  those  of  LC  mole¬ 
cules  in  the  ground  state.  In  the  case  of  CLC,  this 
fact  can  result  in  a  dependence  of  the  twisting 
power  (the  spiral  pitch)  on  the  PCM  concentra¬ 
tion. 

Then,  if  the  PCM  concentration  varies  mono- 
tonically  along  the  planar  cell  length,  whole  num¬ 
bers  of  cholesteric  spiral  half-waves  will  fit  in  the 
cell  thickness  in  its  certain  areas.  In  the  case  of 
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rigid  boundary  conditions,  the  half-waves  num¬ 
ber  will  change  jump-like  at  the  transition  from 
such  an  area  to  a  neighbouring  one,  and  Grand- 
jean-Cano  type  disclinations  will  occur.  The  di¬ 
rector  field  strueture  nearby  such  a  disclination 
will  discussed  below  for  the  case  when  the  bound¬ 
ary  conditions  on  the  cell  surface  are  not  abso¬ 
lutely  rigid.  The  influence  of  finite  longitudinal 
dimension  of  the  area  where  the  disclination  is 
located  on  this  structure  will  also  be  considered. 


rector  spatial  distribution  in  the  CLC  cell  volume 
can  be  looked  for  in  form  {cos(p(x,z), 
sincpjjc.z),  0},  where  (p(x,z)  is  the  angle  between 
the  director  and  OX  axis  depending  also  on  the  x 
coordinate  value  because  of  inhomogeneity  of  the 
CLC  twisting  power. 

Minimizing  the  expression  (1)  in  relation  to  cp 
angle,  we  obtain,  in  the  one-constant  approxima¬ 
tion  (/C,  I  =  X22  =  X33  =X)  the  following  equa¬ 
tion: 


2.Basic  equations 

Picture  a  CLC  plane-parallel  cell  of  2L  thick¬ 
ness  with  planar  boundary  conditions.  Let  OZ 
a.xis  of  a  Cartesian  coordinate  system  be  directed 
normal  to  the  cell  planes,  the  coordinates  origin 
being  placed  in  the  cell  center.  Assume  that  the 
cell  is  infinite  in  the  OX  and  OY  directions.  Let  us 
imagine,  further,  that,  by  means  of  an  incident 
light  field,  in  the  CLC  cell,  a  stable,  inhomogene¬ 
ous  along  the  cell,  distribution  of  PCM  is  main¬ 
tained,  whose  chirality  differs  from  that  of 
ground  CLC  molecules,  so  the  cholesteric  twist¬ 
ing  power  depends  monotonically  on  the  x  coor¬ 
dinate:  r  =  t(x).  Assume,  however,  this 
dependence  to  be  small,  so  the  t(x)  function 
change  on  the  characteristic  length  of  director 
change  in  the  CLC  cell  (having  order  of  the  twist 
pitch)  can  be  neglected. 

Then,  the  CLC  cell  free  energy  can  be  written 
[5]  as 

P  =  P  +P 

Pv  =  \\dV jAT,  1  (div  f  +  A:22[n^  rot  n^-i-  t{x)f  + 

-f-Ar33[  ir  X  rot  in  ), 

F,  =  -y  j^i5’(in-  ell  w>0. 

where  is  Frank  volume  elastic  energy;  P^  is  the 
surface  free  energy  expressed  by  Rappini  poten¬ 
tial  [6];  n^is  director;  e^={cos(pQ,  sinqig,  0},  unit 
vector  of  easy  director  orientation  on  the  cell 
planes.  In  the  expression(l),  terms  containing  the 
elastic  constants  X24  are  absent,  since  their 
corresponding  integrals  over  the  plane-parallel 
cell  surface  with  planar  director  orientation  equal 
to  zero.  Moreover,  since  the  light  field  being  ab¬ 
sorbed  with  the  PCM  creation  is  assumed  to  be 
weak,  its  contribution  to  the  CLC  free  energy  due 
to  the  interaction  with  director  will  be  neglected. 

For  definiteness  sake,  let  us  believe  that  the 
axis  of  the  director  easy  orientation  on  cell  planes 
is  directed  along  the  OX  axis,  i.e.  assume  cpQ  =  0. 
Since  the  boundary  conditions  are  planar,  the  di- 


dx^  dz^ 


and  the  boundary  conditions  to  it 

^  -  t(x)  ±  ^  sin  2cp  =0 

dz  LL  ■ 

L  Jz  =  ±L 

Here,  the  parameter  a  =  WUK. 


3.  The  director  spatial  distribution 
at  a  finite  adherence  energy  W value 

Let  a  function  t(x)  be  monotonic  over  the  (-00, 
+00)  range  and  of  such  character  that,  in  the  case 
of  the  infinitely  rigid  adherence  of  the  director  to 
the  cell  surface  (g  =  00),  the  CLC  spiral  pitch,  at 

47 

X -00,  equals  to  F  _  = - == — ,  i.e.  n 

7(-oo)  n 

halfwaves  of  a  cholesteric  spiral  fit  in  the  cell 

271  4-/, 

thickness,  while,  at  x  ^  00,  P  = - = -  and 

“  r(oo)  n+l 

n+1  of  spiral  half-waves  fall  in  the  cell  thickness. 
Then,  as  it  is  known,  a  disclination  of  Grandjean- 
Cano  type  arises  perpendicular  to  XOZ  plane;  let 
the  OY  axis  be  directed  along  that  disclination. 
The  development  of  the  director  disclinational 
structure  along  the  OX  axis  is  quite  unlimited  and 
depends  only  on  the  type  of  the  disclination  itself. 

If  the  parameter  a  =  00,  the  problem  of  the 
director  orientation  determination  in  the  volume 
of  a  CLC  plane-parallel  cell  with  a  specified  f(x) 
is  similar  to  that  considered  in  [3]  for  a  flat  wedge 
with  CLC  having  the  homogeneous  twisting 
power. 

The  solution  of  Eq.(2),  in  this  case,  is 

(f)„  (x,z)  =  nz  +  Y  + 

'‘-^arctgja^l  +  .pV 

-Y2;  X  >  0,  z  >  0 
(p'o=  0;  x<0 

Y2  X  >0,  z  <  0. 


248 


Functional  materials,  2.  2,  1995 


M.F.Lednev  and  IP. Pinkevich  / Interaction  with  surface.. 


Generally,  for  finite  a  values,  equation  (2)  and  (3) 
can  be  solved  only  numerically.  For  the  most  inter¬ 
esting  and  often  practically  realizable  case  a»l, 
however,  the  approximative  solution  of  these  equa¬ 
tions  can  be  obtained  in  the  analytical  form.  To  this 
end,  let  the  solution  sought  be  presented  as 

(p(X,Z)  =  (pa,M  + 

+  (5) 


and  let  believe,  because  function  t{x)  varies 
smoothly,  that 

from  (2),  (3)  that  the  function  b(x,z)  satisfies  the 
two-dimensional  Laplace  equation  and  the  fol¬ 
lowing  boundary  conditions  on  the  cell  surface. 

b(x^±L)  =  +  .thLr 


can  be 


At  the  obtaining  of  Eq.(6),  terms  of  order 

higher  than  were  discarded. 

At  x  ->  ±00,  the  CLC  spiral  distortion  due  to  a 

dischnation  disappears,  and  cp(-^,z)  =  ^  ^ 

(p(oo,z)  =  ^  nz  +  C^.  Then,  using  the  expression 

(5),  the  following  values  for  b(x,z)  function  at 
X  — >  ±00  can  be  obtained: 

_  TIZ  (^) 

*(±00,Z)  =  +  4^. 

It  follows  from  the  sense  of  the  (p(x,z)  func¬ 
tion  definition  as  the  angle  between  director 
and  OX  axis  as  well  as  from  the  symmetry  of  the 
problem,  that  the  fc(x,z)  function  is  an  odd  one 
of  the  z  coordinate.  Thus,  the  problem  of  the 
9(x,z)  determination  is  reduced  to  the  solution 
of  Laplace  two-dimensional  equation  for  the 
bix,z)  function  in  the  range  -oo<x<oo, 
Q  <z  <L  with  boundary  conditions  (6),  (7),  ac¬ 
counting  for  b(x,0)  =  0. 

The  solution  of  this  boundary  problem  can  be 

presented  [6]  in  the  form 

/o\ 

b(fc,z)  -  ' P'  G{x^\x  ',z ')  dS 

where  G(x,  z;  x  ',  z  ')  is  the  Green  function  corre¬ 
sponding  to  the  boundary  problem;  N  is  the  inter¬ 
nal  normal  to  the  integration  contour  enclosing 
the  two-dimensional  area  under  consideration. 


exp  -  exp 
The  function  — 

exi|^J-exp^— ^ 

shown  to  display  conformically  an  infinite  strip 
-oo<x<oo,  0  <z<L  of  the  complex  plane 
S  =  x  +  iz  onto  the  internal  area  of  a  circle  of  unit 
radius.  Then,  as  is  known  [6],  the  sought  Green 
function  will  be  determined  by  the  expression 
,  +  iz)  _  '  +  IZ ') 

G(x,zpc  ~  ^  ^ViXx  +  iz)  _  gM,(x  '-iz')  '  (9) 

Inserting  the  expression  (9)  in  Eq.(8)  and  ac¬ 
counting  for  values  (6),  (7)  being  taken  by  the 
function  b(x',z')  on  the  integration  contour,  we 
obtin,  after  integration; 

Thus,  it  follows  from  Eqs.(5),  (4)  and  (10), 
that  the  director  spatial  distribution  in  the  neigh¬ 
bourhood  of  a  Grandjean-Cano  disclination  de¬ 
pends  on  the  adherence  energy  of  the  director 
with  the  cell  surface,  that  energy  is  characterised 
by  the  a  parameter.  At  a  finite  value  of  a  »  1, 
two  mechanisms  contribute  to  the  change  of  the 
disclination  structure;  the  CLC  twisting  power  in¬ 
homogeneity  which  is  described  by  the  first 
braced  term  of  Eq.(5),  and  the  straightening  of 
the  disclination  structure  due  to  the  weakening  of 
the  boundary  conditions  rigidity.  The  contribu¬ 
tion  of  this  mechanism  is  described  by  the  b(x,z) 
function  and  does  not  depend  on  the  form  of  the 
smooth  monotonous  function  f(x). 

The  function  t{x)  -  z  accounting, 

in  Eq.(5),  the  influence  of  variation  of  the  CLC 
twisting  power  from  its  average  value  in  the  (-«3, 
±oo)  range  on  the  director  distribution,  attains  its 

maximum  value  ±^  at  x  -)-±oo. 

Fig.  1  shows  the  calculated  values  of  the  b(x,z) 
function  for  several  values  of  z  argument.  It  is 
seen  that  the  maximum  b(x,z)  values  do  not  ex¬ 
ceed  those  of  Tt  z  function;  how¬ 


ever,  the  b(x,^  function  achieves  these  values 
already  in  the  distance  ~  L  from  the  disclination 
center.  Therefore,  in  the  vicinity  of  a  disclination, 
the  director  orientation  variation  at  finite  values 
of  its  adherence  energy  with  the  cell  surface  is 
associated  mainly  with  the  dislocation  structure 


Functional  materials,  2,  2,  1995 


249 


M.F.Ledney  and  l.P.Pinkevich /Interaction  with  surface.. 


b(x,z) 


(12) 


To  find  (p^(x,z),  let  consider  the  plane  of  com¬ 
plex  variable  S  =  x  +  iz  and  display  conformically 
the  tetragon  (x  =  ~d,  x  =  d,  z  =  0,  z  =  L)  onto  the 
upper  half-plane  of  the  complex  variable 
w  =  11  +  iv. 

Such  a  displaying  is  realized  by  means  of  the 
elliptic  sine  function  and  has  the  form  [6] 

(13) 


where 


^  =  80  p.-  s,m 
d 


1 

k  =  F{\,m)  =  I 


dt 


straightening  not  depending  on  the  form  of  t{x) 
function. 


4.  Influence  of  the  finite 
longitudinal  dimension  of 
disclination  structure 


is  the  full  elhptic  integral  of  1st  order;  m  is  the 
module  of  elliptic  integral. 

As  a  result  of  displaying  (13),  the  function 
cpi(j')  =  (f>^(x,z),  will  transform  to  the  function  (p(H') 
and  boundary  points  of  the  tetragon  (x  =  ±d, 
2  =  0,L)  will  convert  to  points  on  the  real  axis  in  the 
plane  w;  therewith,  an  equation  to  determine  the 
module  of  elhptic  integral  wih  also  be  obtained: 


Let  now  be  a  smooth  function  t(x)  such  that, 
in  the  point  x  —  x^,  n  half-waves  of  the  cholesteric 
spiral  fit  in  the  cell  thickness,  and  in  the  point 
^  ~  ^n+i’  ^■*"1  the  half-waves,  i.e.  the  dischnation 
structure  is  limited,  along  the  OX  axis,  by  a  finite 
length  K,  x„+,].  Let  assume,  for  simplicity  sake, 
that  a  disclination  (x  =  0)  is  positioned  in  the  cen¬ 
ter  of  this  length,  i.e.  x„= -rf,  x„+,=  rf,  and  the 
director  adherence  with  the  cell  surface  is  abso¬ 
lutely  rigid  (PF=oo). 

It  is  convenient,  in  this  case,  to  look  for  solu¬ 
tion  of  Eq.(2)  in  the  form  similar  to  the  solution 
(4)  of  the  problem  involving  the  infinitely  rigid 
director-to-surface  adherence  but  with  an  unlim¬ 
ited,  along  OX  axis,  dimension  of  disclinational 
structure  area: 


Cp(x,z)  = 


In  +  1 
4Z 


■TIZ  +  - 


(11) 


where  (p|(x,z)  satisfies  the  two-dimensional 
Laplace  equation  and  the  same  boundary  condi¬ 
tions  on  the  cell  surface  as  (p'(x,z).  Similar  to 
9  (x,2),  the  (p](x,z)  function  is  odd  in  relation  to  z 
coordinate,  therefore,  it  is  sufficient  to  consider  it 
in  the  area  0  <  z  <  L,  ~d  <  x  <  d. 

The  values  of  (p|(x,z),  ai  x  =  ±d  can  be  found 
taking  into  account  that,  in  these  planes,  whole 
numbers  of  CLC  spiral  half-waves  are  specified  to 
fall  in  the  cell  thickness.  We  obtain 


1  =  ^  (15) 

k  r 

where 

k=J{\,m'\  (16) 

m'  -{\ 

The  boundary  conditions  for  the  function 
cpi(x,z)  will  give,  after  the  conversion  (13),  the 
function  cp(w)  values  on  the  real  axis. 

Thus,  for  a  harmonic  function  ^(w),  we  have 
the  ’Dirichle  problem  for  a  half-plane.  Its  solu¬ 
tion  can  be  written  by  means  of  the  Poisson  inte- 
gral  [6]: 


(P(w)  =-f  cp(0 


(17) 


Inserting  the  cpfw)  values  on  the  real  axis  and 
integrating,  we  obtain 

(Pi(x,z)  =  9(i{-)  =  I  Ti  _  arctg— -i- 


mv 

V  / 


(18) 


where 


2J0 
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1  (k 

“~A  Hrf 

1  fit 
V  =  7  cn  ^ 
A  d 


X,  OT  diM  ^  ■  X,  ffl  ' 


X,  OT  m  X 


^^(x,z) 


sn|^^  cv^  •z,m' 

A  =  cn^f^  •  z,  w  '1  + 


•x,m\  sn 


A 

cn{a,m)  =  (1  -  sn  (a,m)  , 


dn(a,m)  =  (1  -  w  ^  sn  (a,/«) 

The  expressions  (11),  (18),  (19)  define  the 
sought  distribution  of  the  director  at  a  finite  lon¬ 
gitudinal  dimension  of  a  disclination  structure. 

In  a  specific  case,  when  we  will  obtain, 

from  Eqs.(15),  (16)  for  the  module  of  elliptic  inte¬ 
gral,  that  fn  —  tti '  —  0,  k'  --  7i/2,  k/d  —  tiI(2F). 
Then,  after  simple  conversions,  it  follows  from 
Eqs.(18),  (19)  that  (p,(xz)  =  (p'(x,z),  i.e.  we  obtain 
the  problem  solution  for  the  case  of  unlimited  size 
of  the  disclination  structure  along  OX  axis. 

Fig.2  shows  the  calculated  dependence  of 
q),(x,z)  function  values  on  the  distance  to  a  discli¬ 
nation  along  OX  axis  for  several  z  coordinate  val¬ 
ues  and  two  longitudinal  dimensions  of  the 
disclination  structure  described  by  the  parameter 
d/L.  It  is  seen  that  it  is  in  the  vicinity  of  the  disch- 
nation  where,  at  a  change  of  d/L  parameter,  the 
maximum  variation  of  the  cpi(x,z)  occurs.  There¬ 
with,  when  the  z  coordinate  increases  (i.e.  as  the 
cell  limiting  planes  are  approached),  the  maxi¬ 
mum  changes  of  the  cpj(x,z)  function  are  shifted 
themselves  toward  larger  x  values.  It  should  be 
noted  that,  as  the  calculation  shows,  already  at 
d/L>2,  the  director  field  of  a  disclination  struc- 


Fig.2.  d/L  =  2-  solid  lines,  d/L  =  0.5  -  broken  lines; 

2  =  0.1  -  a,  0.5- b,  0.9- c. 

ture  becomes  close  to  that  at  its  unlimited  size 
along  OX  axis  (i.e.  at  d  =  «).  Therefore,  the  direc¬ 
tor  field  structure  variations  near  to  a  disclination 
become  significant  only  at  d  <  2L. 
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BsaHMOiieHCTBHe  c  nosepxHOCTbio  h  cxpyKTypa  nojin  ^HpeKTopa  b 
njiocKonapaJiJiejibHOH  HHeHKe  acHilKoro  Kpitcrajuia  c 
iiHCKJiHHauHflMH  THHa  PpaHacaHa-KaHO 

M.O.JleZlHeH,  H.n.riHHKeBHH 

PaccMOTpcH  xojiecrepHMecKHH  )KHflKHH  KpHcrajiJi,  saKpysHBaioinaH  qDoco6HOCTb  Koxoporo  moho- 
TOHHo  HSMCHHerca  no  aanne  ruiocKonapajiBCJibHOH  aneHKH,  hto  npHBOflHT  k  noHBJieHHio  aHCKJiHHauHH 
Tiina  JIarpaH)Ka-KaHo.  noKaaaHO,  bto  HeoflHopo/iHocTb  aaKpynHBaiomeH  cnoco6HOCTH  xojiecrepnHa  n 
KoneMHocTb  aneprHH  cuenJicHHH  anpeKTopa  c  orpanHHHBaioiiiHMH  noBepxHocrsiMH  HnenKH  cymecTBCHHO 
BJiHBKDT  Ha  CTpyKTypy  nojiB  flHpeKTopa  b6jih3h  fliicKJiHHauHH.  Hafifleno  nojie  aiipcKTopa  npn  orpann- 
HeHHOM  npoflOJibHOM  pasMepe  {d  qo)  aHdoiHHauHOHHOH  crpyKxypbi.  noKaaano,  hxo  ero  aaBHCHMOcxb 
ox  BCJiHHHHbi  d cxanoBHXca  snaHHxenbHOH,  ecJiH  i^nopaaKa  h  Menbiiie  xojiuiHHbi  aHeHKH. 
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Influence  of  the  aerosil  surface  modification  on  the  electrooptical  properties  of  heterogeneous 
“quid  cstal  has  been  m.estig.led,  It  i,  found  ih.t  »=rosil  particles  cm  be  cons^ 
ered  within  systems  in  question,  as  macroscopic  admixtures.  A  model  is  propos^  acrarding  to  which 
the  response  frequency  limit  of  the  system  is  associated  with  the  minimum  size  of  the  director  inhom  - 

geneity  regions. 

iIocjiin*eHO  BnJiHB  MOflHiliiKaqii  noBepxni  aepocHJiy  na  ejieKxpoonTHHHi  BJiacrnBOCxi 
reSSZx  cncJeM  mipoL  -  putKUli  KpHcran,  noK.aaHO,  Ulo  a  nocnutatynanu,  cncreM.X 
qacruHKU  aepocHJiy  MO*»a  poarjima™  «K  ManpocKoninni  noiamiKn.  BanponOHonaBO  Moaejib_ 
rSom  rpmBBH.  uacrora  Bigryxy  ciicroMH  no.  a3ycn.ea  3  K.iHiM.ai.HBB  po3K,.poM  o6i.«rreH 
HeoflHopiflHocri  anpeicropa. 


1.  Intensive  investigations  of  various  systems 
on  liquid  crystals  (LC)  basis  got  recently  under 
way  [1-3]  what  is  motivated  by  the  perspective  of 
creation,  on  that  basis,  of  new  information  dis¬ 
playing  systems  as  well  as  by  that  such  systems 
offer  new  possibilities  to  study  interactions  be¬ 
tween  a  LC  and  a  surface. 

Among  various  geterogeneous  LC  media  are 
so-called  filled  nematics,  consisting  of  small-size 
silica  (aerosil)  particles  suspended  in  a  nematic 
LC  [4,5].  Such  systems  are  characterized  by  a 
strong  effect  of  the  electrically  controlled  light 
dissipation,  i.e.  an  electric  field  application 
thereto  causes  the  clearing-up  of  the  medium 
which  was  initially  opaque  [6]. 

Since  any  filled  LC  is  a  system  with  largely 
developed  surface,  the  state  of  the  aerosil— LC  in¬ 
terface  can  influence  significantly  the  macro¬ 
scopic  characteristics  of  suspension.  Influence  of 
the  aerosil  surface  modification  on  the  charac¬ 
teristics  of  optical  response  of  filled  nematics  at 
the  electric  field  application  thereto  was  studied 


earlier  by  us.  The  chemical  grafting  of  various 
molecular  fragments  to  the  aerosil  surface  makes 
possible  to  vary  the  state  of  surface  endowing  it 
with  hydrophilic  or  hydrophobic  properties.  The 
investigations  have  shown  that  the  electooptical 
features  of  filled  LC  become  enhanced  when  the 
hydrophobic  character  of  the  aerosil  surface  be¬ 
comes  more  pronounced;  the  working  stabiUty 
and  switching  contrast  increase,  the  saturation 
voltage  of  the  T(U)  dependence  decreases 

(here  T  is  the  system  light  transmission;  U,  the 

voltage  applied  to  a  sample). 

A  more  comprehensive  study  of  the  electroop¬ 
tical  characteristics  of  filled  LC  is  necessary  to 
understand  physical  processes  occurring  therein 
at  the  electric  field  application  and  to  choose  a 
working  model  for  calculations.  The  purpose  of 
this  work  was  to  investigate  the  dependence  of  the 
filled  LC  light  transmission  on  the  applied  field 
frequency  and  on  aerosil  surface  modification 
type. 
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2.  The  commercially  available  aerosil  A-300 

o 

with  the  grain  size  100  A  was  used  to  suspensions 
preparation.  The  surfaces  of  silica  particles  were 
hydrophobized  to  depress  the  particles  aggrega¬ 
tion  in  the  suspension.  The  modification  was  per¬ 
formed  by  means  of  surface  fragments  deposition 
from  a  solution.  It  is  known  from  hterature  [7] 
that  organosiloxanes  are  excellent  silica  surface 
hydrophobizing  agents  widely  used  in  practice. 
Octamethylcyclotetrasiloxane  (OMCTS),  methyl- 
phenylcyclotrisiloxane  (MPhCTS),  methylvinyl- 
cyclotrisiloxdne  (MVCTS),  aminopropyltri- 
ethoxysilane  (AGM-9),  poly(dimethyl)siloxane 
(PMS-5),  and  hexamethyldisilazane  (HMDS) 
were  chosen  as  modifying  agents. 

The  aerosil  surface  modification  was  per¬ 
formed  both  by  liquid-phase  method  and  by  cata¬ 
lytic  method  under  vacuum  [8,9].  Silica  was 
pretreated  by  heating  at  610  K  for  2  h  (in  the  case 
of  liquid-phase  synthesis)  or  at  720  K  under  vac¬ 
uum. 

The  chemical  modification  of  the  silica  surface 
with  OMCTS  was  performed  by  vacuum-treat¬ 
ment  method  at  720  K  for  2  h. 

The  modification  with  MVCTS  was  per¬ 
formed  at  580  K  with  consequent  vacuum  treat¬ 
ment  at  620  K  for  2  h. 

The  reaction  with  MPhCTS  was  conducted  at 
430  K  in  the  presence  of  diethylamine. 

The  liquid-phase  technique  was  used  to  mod¬ 
ify  the  aerosil  surface  with  AGM-9,  HMDS,  and 
PMS-5.  The  reaction  with  AGM-9  was  performed 
in  the  presence  of  OMCTS,  that  with  HMDS  in 
the  presence  of  trimethylacetoxysilane  over  66  h 
with  subsequent  thermal  treatment  at  350  “C  for 
1  h  in  the  case  of  HMDS  or  at  100  °C  for  1  h  in 
that  of  AGM-9. 

The  surface  modification  with  PMS-5  was 
conducted  in  5  per  cent  solution  in  hexane  under 
the  presence  of  OMCTS  with  subsequent  thermal 
vacuum  treatment  at  670  K  for  2  h.  In  the  course 
of  the  investigation  of  samples  where  the  silica 
modified  with  PMS-5  was  used  as  the  filler,  the 
reaction  conditions  mentioned  above  were  found 
to  be  the  best  ones  for  the  preparation  of  silicas 
intended  to  sen  e  as  LC  fillers. 

The  IR  spectra  consideration  had  shown  that 
surface  hydroxyls  are  effectively  substituted  in  all 
silicas  modified.  Materials  modified  with 
MPhCTS  were  the  only  exclusion.  The  cause  is 
perhaps  that  the  phenyl  group  is  more  volumi¬ 
nous  than  vinyl  one  and  thus  hinders  the  reaction 
between  MPhCTS  and  surface  hydroxyls. 

In  the  course  of  chemisorption  of  modifying 
agents  mentioned,  siloxane  complexes  become 
grafted  to  the  aerosil  surface  (Fig.fa).  In  the  case 
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Fig.l.  a)  Siloxane  complexes  on  the  aerosil  surface. 
R  =  CH3  for  OMCTS,  CgHg  for  MPhCTS,  CH2=CH 
for  MVCTS.  CH2CH2CH3  for  AGM-9,  CH3  for 
HMDS,  b)  Linear  siloxane  structures  on  the  aerosil 
surface  after  its  modification  with  PMS-5;  «  =  1-4. 


of  modification  by  PMS-5,  linear  siloxane  struc¬ 
tures  are  formed  on  the  surface  (Fig.  l,b). 

The  nematic  ZhKM-1285  (NIOPIK,  Russia) 
having  the  dielectric  constant  anisotropy 
Ae  =  11.8  and  birefringence  An  =  0.156  was  used 
as  the  LC.  It  is  a  mixture  of  cyanobiphenyls  and 
cyclohexancarboxylic  acids  esters.  Suspensions 
were  prepared  by  blending  the  components  in  an 
ultrasonic  mixer.  The  aerosil  concentration  in  the 
mixture  varied  from  2  to  20  %.  The  suspension 
layers  of  10  pm  thickness  placed  between  two 
glasses  with  transparent  electrodes  were  investi¬ 
gated.  The  sample  thickness  was  preset  by  means 
of  a  small  amount  of  spacers  added  to  the  mixture 
under  study. 

In  Fig.  2,  the  device  used  to  measure  the  de¬ 
pendence  of  sample  light  transmission,  T,  on  the 
frequency,  /,  of  the  voltage  applied,  U,  is  sche¬ 
matically  presented.  The  hght  beam  of  a  HeNe  la¬ 
ser  (X  =  0.63  pm)  goes  through  the  sample  under 
study,  dissipating  partly  therein.  The  undissi¬ 
pated  light  as  well  as  that  dissipated  within  a  sohd 
angle  not  exceeding  2  °  is  registrated  by  the  pho¬ 
todiode  Phdl  connected  with  a  digital  oscillo¬ 
scope.  The  photodiode  Phdl  is  intended  to 


Fig.l,  Schematic  view  of  the  experimental  device  used 
to  measure  the  dependence  of  samples  light  transmis¬ 
sion,  r,  on  the  frequency,/,  of  the  voltage  applied,  U. 
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T,% 


Fig.l  a)  Dependence  of  the  light  transmission  constant 
component,  variable  one,  and  sum  thereof  on  the  volt¬ 
age  U  for  first  type  samples;  b)  the  variable  light  trans¬ 
mission  component  for  second  type  samples. 

control  the  testing  beam  intensity.  The  voltage  U 
is  applied  to  the  sample  by  means  of  an  audio-fre¬ 
quency  signal  generator  GS  allowing  for  the  fre¬ 
quency  variation  in  the  range  0.1  -  20000  Hz.  The 
signal  intensity  proportional  to  that  of  the  light 
incident  on  the  Phd\  photodiode  was  measured  as 
a  function  of  the  applied  voltage  frequency,/,  at 
£/  =  15  V.  The  stability  of  U  at  frequency  vari¬ 
ations  was  controlled  by  means  of  a  selective  volt¬ 
meter. 

We  have  noticed  that  the  experimental  results 
reproducibility  can  be  attained,  for  some  filled 
LC  samples,  only  after  several  measurements  of 
electrooptical  characteristics.  Namely,  at  the  first 
voltage-contrast  characteristic  measurement, 
curves  obtained  under  voltage  increase  and  de¬ 
crease  do  not  coincide  with  each  other^  what  re¬ 
sults  in  a  residual  cell  clearing.  The  degree  of  that 
residual  clearing  depends  significantly  on  the  sur¬ 
face  modification  type  and  diminishes  when  the 
aerosil  surface  becomes  more  hydrophobic.  A 
constant  response  to  the  alternating  field  applied 
was  established  a  few  minutes  after  the  start  of 
experiment.  All  the  results  described  below  have 
been  obtained  for  cells  preconditioned  in  an  alter- 


T,  % 


Fig! 4.  Dependence  of  the  frequency  characteristics  on 
the  aerosil  concentration,  C,  for  first  type  samples. 


Table. 


Aerosil  No. 

Modifying  agent 
type 

Frequency 
characteristic  type 

1 

OMCTS 

1 

2 

MPhCTS 

1 

3 

MVCTS 

1 

4 

AGM-9 

1 

5 

PMS-5 

2 

6 

HMDS 

2 

nating  electric  field  what  assured  the  results  re-’ 
peatability. 

At  applying  of  alternating  voltage  to  the  sam¬ 
ple,  a  time  constant  light  transmission  component 
(r=)  as  well  as  variable  one  {TG)  were  observed 
(Fig.3).  The  frequency  of  the  variable  component 
exceeded  twice  that  of  the  electric  field.  As' a  re¬ 
sult,  two  types  of  the  T-  and  curves  behaviour 
were  revealed.  The  first  type  (1)  is  characterized 
by  monotonic  increase  of  T-  component  and 
monotonic  decrease  of  with  the  applied  field 
frequency  (/)  rise.  Therewith,  the  total  light  trans¬ 
mission,  +  T^,  depends  only  slightly  on  the 
frequency  (Fig.3, a).  This  fact  suggests  that  the 
eventual  redistribution  of  the  light  dissipation  in¬ 
tensity  between  various  angles  at  the  field  appli¬ 
cation  is  small. 

For  two  samples  (see  Table),  another  behav¬ 
iour  type  of  frequency  dependencies  was  ob¬ 
served:  those  were  unmonotonic.  The 
dependence  characteristic  for  that  type  (2)  is  pre¬ 
sented  on  Fig.3,b. 

The  frequency  characteristics  dependence  on 
the  aerosil  concentration,  C,  was  also  studied. 
Fig.4  shows  the  dependence  for  the  suspen¬ 
sion  1,  which  corresponds  to  the  type  1.  In  the 
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T,% 


Fig. 5.  Dependence  of  the  frequency  characteristic  on 
the  aerosii  concentration,  C,  for  second  type  samples. 


same  figure,  the  dependence  is  displayed  for 
the  pure  hquid  crystal  of  100  pm  thickness.  As  is 
seen  from  these  data,  the  frequency  characteristic 
steepness  increases  at  'fe  aerosil  admission  into 
suspension  and  the  subsequent  increase  of  its  con¬ 
centration. 

In  Fig. 5,  the  frequency  characteristics  are  pre¬ 
sented  for  the  suspension  5  belonging  to  second 
ty'pe.  It  is  seen  that  the  curve  unmonotony  begins 
to  manifest  itself  only  when  a  certain  aerosil  con¬ 
centration  (9  %)  is  achieved.  At  smaller  concen¬ 
trations,  curves  show  the  same  appearance  and 
the  same  dependence  on  the  aerosil  concentration 
as  similar  relationships  for  first  type  samples. 

3.  The  electrically  controlled  hght  transmis¬ 
sion  variation  in  pure  liquid  crystal  was  studied 
on  a  non-oriented  sample,  i.e.  on  the  sample 
fonned  by  domains  having  randomly  distributed 
director  orientations.  The  transmission  variation 
of  such  a  system  is  due,  in  this  case,  to  the  reori¬ 
entation  of  individual  domains  along  the  electric 
field  direction.  In  such  a  geometry,  the  light  dissi¬ 
pation  is  less  effective  [10]  what  result  in  an  ob¬ 
servable  increase  of  the  system  light  transmission. 

Eflfectiv'eness  of  the  domains  response  to  an 
electric  field  application  is  determined  by  their 
characteristic  times  of  reorientation  in  the  field 
and  is,  to  a  first  approximation,  proportional 
thereto  [10].  Since  the  reorientation  time  depends 
on  the  domain  dimensions,  the  frequency  charac¬ 
teristic  T^(J)  is  defined  by  the  domain  size  distri¬ 
bution. 

The  reorientation  time  in  an  electric  field  for 
an  individual  domain  having  the  characteristic  di¬ 
mension  d  can  be  evaluated  as 

n  K 


Fig.6.  Dependence  of  the  limit  response  frequency/*  of  the 
system  and  of  value  on  the  aerosil  concentration. 


where  r]  is  the  orientational  viscosity;  K,  the 
Frank  constant. 

In  the  case  of  monodomain  sample,  the  T^{U) 
value  must  not  depend  on  frequency  at 
/<  \/t*  an  K/r[  and  drops  sharply  at  the  at¬ 
taining  of  the  limit  frequency  / «  l/x*.  In  a  poly¬ 
domain  sample,  the  T^{f)  is  influenced  by  the 
domain  size  distribution  and  has,  therefore,  a 
more  complex  character.  The  drop  of  the 
value  with  the  frequency  increase  is  caused  by  fact 
that  lesser  and  lesser  size  domains  "leave  the 
field".  It  is  obvious  that  the  limit  frequency  of 
system  response,  /*,  is  defined  by  the  reorienta¬ 
tion  of  the  least  domains,  the  size  of  the  latter  can 
be  evaluated  as 

(2) 

In  our  case,  /*  a  100  Hz  what  corresponds  to 
'^min  ~  ^  Fm-  should  be  noted  that  this  value  is 
substantially  less  than  the  LC  layer  thickness 
(100  pm)  and  is  defined  likely  by  the  balance  of 
the  free  energy  of  a  homogeneously  oriented  do¬ 
main  system  and  the  disordering  effect  of  heat 
energy. 

The  admission  of  aerosil  to  LC  results  in  an 
increase  of  the  /’_(/)  curve  slope  and  diminishing 
of  the  frequency  limit  value,/*.  In  Fig.6,  depend¬ 
ences  of/*  as  well  as  of  value  on  the  aerosil 
concentration,  C,  are  shown.  The  character  of 
those  dependences  indicates  that  the  aerosil  addi¬ 
tion  causes  an  increase  of  the  characteristic  region 
of  the  director  inhomogeneity. 

We  have  found  that  the  aerosil  presence  does 
not  influence  substantial!}-  the  temperature  of  the 
system  transition  into  the  isotropic  state,  (the 
relative  shift  AT(-dT^<  10"^).  This  indicates  that 
aerosi.'  is  to  be  considered  not  as  a  molecular  ad- 
mixt'ure,  but  as  a  macroscopic  particle  which  is  a 
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source  of  defects.  This,  in  turn,  allows  to  use  the 
notions  of  the  LC  macroscopic  theory  (director, 
Frank  constants,  cohesion  energy,  etc.)  when 
considering  the  LC-aerosil  system  characteristics. 

At  low  concentration  of  aerosil  particles,  the 
value  must  be  of  the  same  order  of  magni¬ 
tude  as  the  average  distance  between  the  aerosil 
particles,  d,  when  corresponding  inhomogeneity 
regions  begin  to  overlap.  If  a  concentration,  C,  of 
2  %  can  be  considered  as  a  small  one,  then 
da  1.3  pm.  Such  a  correlation  between  C  and  d 
values  points  on  the  aggregation  of  aerosil  parti¬ 
cles  in  the  LC.  In  fact,  there  are  agglomerates 
consisting  of  approximately  3,000  microscopic 
aerosil  particles  which  were  estimated  to  corre¬ 
spond  to  the  d  value  about  1.3  pm.  This  estima¬ 
tion  supports  our  conclusion  that,  in  our  case,  the 
aerosil  particles  can  be  considered  as  macroscopic 
admixtures. 

The  increase  of  the  minimum  domain  size 
with  the  concentration  (C)  rise  can  be  explained 
either  by  the  increase  of  the  aggregation  effective¬ 
ness  with  growing  C,  or  by  the  intensifying  influ¬ 
ence  of  collective  interaction  effects  between 
aerosil  particles  through  the  LC  director  field.  To 
elucidate  the  role  of  each  of  these  factors,  a  fur¬ 
ther  study  must  be  performed. 

4.  Thus,  the  work  results  lead  to  following 
conclusions: 

-  In  systems  under  question,  the  aerosil  parti¬ 
cles  can  be  considered  as  macroscopic  scale  ad¬ 
mixtures  distorting  the  director  field  of  the  LC 
matrix  and  influencing  only  slightly  its  average 
ordering  parameter. 


-  The  frequency  dependence  ot  system  liglit 
transmission  at  the  electric  field  application  is  de¬ 
fined  by  the  spatial  .size  distribution  ol  aerosil 
particles  at  a  constant  concentration  thereof  in 
the  system,  and  the  limit  response  frequency  of 
the  system  corresponds  to  the  minimum  .size  ol 

the  director  unhomogeneity  region. 

-  The  admission  of  aerosil  to  LC  results  in  an 
increase  of  the  minimum  .size  of  the  director  un¬ 
homogeneity  region  in  the  system. 
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O  BJiHHHHH  noeepxHOCTH  aapocHJia  na  nacTOTHbie 
xapaKTepucTHKH  HanojineHHbix  neiviaTHKOB 


r..a.ry6a,  A.B.rjiymeHKO,  H.IO.JIonyxoBHH,  B.B.OreHKO, 
K).A.Pe3HHKOB,  B.IO.PeuiexHJtK,  O.B.RpomyK 

HccjieaoBano  BJiHanne  MoaH4)HKauHH  noBepxHocTH  aapocHJia  na  onempoonTHnecKHe  CBOHCTBa 
rereporeHHbix  cncreM  aapocHJi  -  xcHaKnir  KpHcrajui.  HoKasaHO,  hto  b  paccMaxpHBaeMbix  cncreMax 
nacTHUbi  aapocHJia  mojkho  paccMaxpHBaxb  kbk  MaKpocKonHuecKne  npuMecn.  HpeaJioJKeHa  Moaenb, 
corjiacHO  KOTopoii  npeaejibHaa  HacToxa  oxKJiHKa  cncxeMbi  CBHsbiBaexca  c  MHHHMaabHbiM  parMepoM 
oSjiacTH  HeoaHopoanocTH  anpeKXopa. 
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Spectroellipsometry  of  surface  layers  of  deformed 
strips  made  of  amorphous  metal  alloys 

M.V. Vinnichenko  and  L.V.Poperenko 

T. Shevchenko  Kiev  University,  6  Acad.Glushkov  Ave.,  252022  Kiev,  Ukraine 

The  angular  and  spectral  dependences  of  ellipsometric  parameters  have  been  measured  for  the 
amorphous  metal  strips  of  Feg^(B,Si,C)^g  with  the  aim  to  study  the  plastic  deformation  (rolling) 
influence  on  the  structure  and  optical  properties  of  their  surface  layers.  It  is  established  that  the  plastic 
deformation  results  not  only  in  changes  of  ESESD  features  near  the  Fermi  level,  but  influences  also  the 
mechanisms  of  current  carriers  scattering. 


npoBe^eno  BHMipioBaHHa  KyxosHX  xa  cncKxpajibHHX  BajiexcHocxeH  enincoMexpHUHHX  napaMexpiB 
aMop(j)HHX  MexajieBHX  cxpinoK  Feg^(B,Si,C).|g  3  mcxoio  BUBuenHa  BnjiUBy  njiacxHUHoi  flecJiopMauii 
BuacjiiaoK  npoKaxKH  ua  cxpyKxypy  xa  onxHHui  BJiacxHBOcxi  i'x  npunoBepxneBHX  npouiapKiB. 
3’acoBaHO,  mo  nnaoxunua  naJiopMams  BHKJiHKae  ue  xijibKH  SMiuy  ocoSjiHBOcxeii  ECFCE  no6jiH3y 
piBHH  5>epMi,  a  h  BnjiHBae  na  MexaniaMH  poaciroBanun  HOciiB  cxpyMy. 


In  the  modem  materials  science,  one  of  the  most 
important  problems  is  to  determine,  rehably  and 
operatively,  the  atomic  and  electron  stmcture  pa¬ 
rameters  for  disordered  systems,  especially  for 
amorphous  metal  alloys  (AMA),  and  the  depend¬ 
ences  of  such  parameters  on  action  of  various 
physical  factors  (e.g.  deformation,  temperature, 
etc.)  Tlie  plastic  deformation  influence  on  mechanic 
[1]  and  magnetic  [2,3]  properties  of  AMA  is  rela¬ 
tively  well  studied;  but  the  question  about  AMA 
optical  characteristics  changes  after  a  deformation 
remains  still  not  clearly  investigated  [4]. 

Ellipsometry  methods  [5]  can  contribute  sig¬ 
nificantly  to  the  solution  of  that  problem  because 
of  their  high  sensitivity  to  short-range  order 
changes  on  the  background  of  the  destructed 
long-range  one.  Therefore,  we  have  studied  the 
optical  properties  and  structural  peculiarities  of 
surface  layers  of  fast-chilled  iron-metalloid  strips 
using  angular  ellipsometry,  reflectometry  near  to 
normal  incidence  angle  and  spectral  elhpsometry 
(Bitty  method).  Specimens  of  the  amorphous 
Fegi(B,Si,C).|g  were  studied,  made  by  the  melt 
spinning  method,  in  the  forms  of  strips  having 
approximately  1  cm  in  width  and  thickness 

16  pm  and  10  pm;  both  the  contact  side 
(i.e.  having  contact  with  cooler  during  the  prepa¬ 
ration)  and  incontact  one  (remaining  free  during 


preparation)  are  investigated.  Before  measure¬ 
ments,  specimens  were  polished  using  the  ASM 
diamond  paste  with  minimum  grain  size  1/0. 

The  angular  dependences  of  ellipsometric  pa¬ 
rameters,  such  as  phase  shift  A  between  the  or¬ 
thogonal  components  of  polarization  vector  and 
azimuth  vp  of  the  restored  linear  polarization, 
were  studied,  for  the  strips  described  above,  on  a 
LEF-3M-1  ellipsometer  with  operating  wave¬ 
length  X  =  632.8  nm.  From  these  dependences, 
the  main  angle  of  incidence  cp  =  qjg,  correspond¬ 
ing  to  A  =  nil,  was  determined.  The  average  abso¬ 
lute  error  of  the  value  obtained  did  not  exceed 
0.2  deg  and  was  due  to  specimens  surface  quality. 

Reflectometric  measurements  designated  to 
determine  the  surface  state  were  performed  using 
a  reflectometer  of  normal  incidence  [6].  By  its 
means,  the  scattering  indicatrices  over  the  polari¬ 
zation  azimuth  (SIPA)  were  obtained  which  pro¬ 
vide  information  on  the  structural  anisotropy  of 
specimens. 

Spectroellipsometric  investigations  of  the  op¬ 
tical  constants,  namely,  of  alloy  surface  layers  re¬ 
fraction  index,  n,  and  absorption  coefficient,  k, 
were  performed  on  a  universal  ellipsometer  ac¬ 
cording  to  Bitty’s  method  in  the  range  of  sound¬ 
ing  photons  energy  ta  =  0.5  -  3.82  eV,  at  the 
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angle  of  incidence  cp  =  72  deg.  The  RMS  error  of 
n  and  k  determination  was  within  3  percent.  A 
filmless  plane  surface  confining  a  semi-infinite 
conducting  medium  was  chosen  as  the  system 
model;  on  its  basis,  the  dispersion  characteristics 
were  calculated  for  the  optical  conductivity, 

a(7ico)  =  «Kco/27i,  real  part  of  the  dielectric  con¬ 
stant,  E(7ico)  —  It —  K^,  and  reflection  coefficient, 

R{na)  -  [(n  -  1)2  -t-  K2]/[(n  1)2  -h  k2J. 

To  characterize  the  structure  anisotropy  of 
Fegi(B,Si,C)i9  AMA  surface  layers,  the  following 
parameters  were  proposed:  the  difference  between 
main  angles,  Acpo  =  (pqij  -  <PoX’  mutually 

perpendicular  orientations  of  the  strip  longitudinal 
axis  in  relation  to  the  incidence  plane,  and  charac¬ 
teristics  of  SIPA  being  presented  in  form  of  an  oval, 
namely,  the  ratio  ot  its  axes  and  slope  the  long  axis 
to  a  chosen  fixed  direction  coincident  with  the  strip 
longitudinal  axis. 

As  the  result  of  investigation  of  the  parame¬ 
ters  mentioned  in  relation  to  the  plastic  deforma¬ 
tion  degree  during  rolling,  a  structural  anisotropy 
has  been  found  on  the  both  surifaces  of  freshly 
produced  amorphous  strips;  and  what  is  of  im¬ 
portance,  its  characterizing  parameter,  Aipo,  is 
noted  to  increase  after  the  rolling  and  to  diminish 
during  a  further  deformation.  The  previous  stud¬ 
ies  [7]  allow  to  associate  the  structural  anisotropy 
on  the  incontact  side  of  the  initial  specimen  with 
different  melt  flow  velocities  in  the  longitudinal 
and  transversal  directions  during  the  specimen 
preparation;  this  difference  is  believed  to  be  re¬ 
sponsible  for  the  strength  anisotropy  (that  of 
breaking  stress,  cy)  relative  to  those  directions  [8]. 
This  factor  is  absent  on  the  contact  surface  of  a 
specimen  having  d  —  25  |i.m,  where,  however,  me¬ 
chanical  stresses  may  reveal  themselves  which 
arose  in  the  strip  during  its  production.  The  spe¬ 
cific  behavior  of  parameters  characterizing  the 
structural  anisotropy  under  the  influence  of  two 
sequential  deformations  is  to  be  associated,  most 
likely,  to  the  structure  changes  in  the  alloy  (the 
crystallization  fronts  arising  after  first  deforma¬ 
tion  and  additional  structure  disordering  after 
second  one).  The  reflection  from  oriented  imper¬ 
fections  carmot  be  used  to  explain  the  surface  lay¬ 
ers  structural  anisotropy  since  the  latter  does  not 
disappear  after  the  mechanical  polishing  of  the 
surface.. 

Having  revealed  the  plastic  deformation  influ¬ 
ence  on  the  atomic  structure  of  the  alloy,  its  elec¬ 
tron  structure  changes  must  be  considered.  For 

this  purpose,  the  spectra  of  a(7icci),  Ritlai) 

were  calculated  according  to  above  formulas;  these 


spectra  are  showed  on  the  Fig.l.  The  dispersions 

of  af^oj)  and  R(1ia)  (curves  1-4)  for  the  initial  speci¬ 
men  show  an  absorption  band  at  photon  energy 

=  1.3  eV  characteristic  for  iron-metalloid  tyi^e 
systems;  that  band  can  be  assigned  to  the  electron 
transitions  from  F6  3d  zone  levels  to  Fermj  level  Ep. 

In  the  IR  range  (1-2.48  pm),  the  relationships  men¬ 
tioned  run  like  to  those  described  by  Drude,  which 
evidences  the  predominant  absorption  by  free  elec¬ 
trons  and  allows  to  determine,  in  terms  of  Drude 
model,  the  dynamic  characteristics  of  the  conduc¬ 
tivity  electrons  in  the  alloy:  the  relaxation  fre¬ 
quency,  Y.  and  plasma  one,  fl  To  this  end,  the 
following  function  [9]  was  calculated: 

Fi(co^)  =  (1  -  E,)  =  co^/Q^  +  Y^/ 

which  was  then  linearly  approximated  using  least- 
squares  method.  The  error  of  these  parameters 
determination  did  not  exceed  9%.  For  a  freshly 
produced  specimen,  the  values  D  =  6.23-10*^  s  ’, 

Y  =  0.97-10'5  s-i^  have  been  obtained. 

It  is  found  that,  after  a  deformation,  the  ab¬ 
sorption  band  in  the  ct(^<o)  and  R(fl(i))  spectra  be¬ 
comes  broadened  and  shifts  somewhat  toward  IR 
range,  while  the  absolute  values  of  ct  and  R  di¬ 
minish,  what  was  observed  already  for  other 
AMA  [4].  Therewith,  according  to  calculations,  a 
deformation  causes  also  a  decrease  of  O  to 
5.40-10'^  s"'  and  increase  of  y  to  1.07-10'5  s"'. 
The  further  rolling  results  in  a  fading  of  absorp¬ 
tion  band  in  respective  spectra,  while  Cl  and  y 
estimations  show  some  increase  of  Q  value  at  y 
remaining  unchanged. 

Thus,  the  absorption  band  broadening  in  the 
corresponding  relationships  indicates  the  broaden¬ 
ing  of  Fe  3d  zone  due  to  an  additional  structure 
disordering  at  the  rolling,  since  the  deformation  is 
associated  intimately  with  the  atomic  structure  rear¬ 
rangement,  the  deciding  part  is  therewith  played  by 
the  places  exchange  between  the  nearest  neighbor¬ 
ing  atoms.  The  absorption  band  shift  toward  long¬ 
wave  spectral  region  is  explained  by  the  Ep  shift  to 

the  Fe  3d  zone,  while  the  intensity  drop  of  a(^co) 

and  R^a)  spectra  is  due  to  decreasing  of  the  (/-like 
peak  in  the  energetic  spectrum  of  the  electron  states 
density  (ESESD).  These  conclusions  are  in  agree¬ 
ment  with  results  of  study  of  the  disordering  influ¬ 
ence  on  the  ESESD  of  amorphous  systems  [10]. 

In  our  opinion,  the  results  obtained  allow  to 
state  that  plastic  deformation  not  only  causes 
changes  in  the  ESESD  characteristics  near  the 
Fermi  level,  but  also  influences  on  the  mecha¬ 
nisms  of  current  carriers  scattering  (taking  into 
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Fig.  1 .  The  reflection  coefficient  (curves  1-4),  optical  conductivity  (curves  4-6)  and  dielectric  constant  (curves  7-9) 
for  a  freshly  prepared  specimen  c/  =  25  pm  (1 , 4,  9)  of  amorphous  strip  of  Feg.,(B,Si,C).,9  alloy,  and  for  similar 
strips  rolled  one  time,  =  16  pm  (3,  5,  7)  and  two  times,  10  pm  (2,  6,  8). 


account  the  R(Hai)  and  S|(Sco)  behavior  changes  in 
the  IR  spectral  region). 

Thus,  plastic  deformation  results  in  signifi¬ 
cant  changes  in  the  atomic  and  electronic  struc¬ 
tures  of  Feg.,(B,Si,C)^g  amorphous  alloy  strips, 
as  it  is  seen  from  their  optical  properties  analyzes, 
and  that  fact  allows  to  suggest  the  w'eak  resis¬ 
tance  of  such  alloys  against  the  rolling. 
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CneKTpo3JieKTpoivieTpHsi  npnnoBepxHOCTHbix  cjioes 

aivfop4)Hbix  ivieTajiJiHHecKHx  jicht 

M.B.  Bhhhhhchko,  JI.B.  IlonepeHKO 

npoBeacHbi  HSMepeHHfl  yrjioBbix  h  oieiapanbHbix  saBHCHMOcreH  ajuiHncoMerpHHecKHX  napaMerpoB 
aMop<t)Hbix  MerajuiHHecKHX  jicht  Fe8i(B,Si,C).|g  c  uenbio  HayHeHHa  bjihshha  njiacTHHecKoii  jjet^pMauHH 
BCJieflCTBHe  npoKancH  Ha  crpyicTypy  h  onTHuecKHe  cBoficrBa  hx  npHnoBepxHocTHbix  cnocB.  VcTaHOBJicHO, 
HTO  nJiacTHHecKafl  ;ie<jx)pMauHH  npHBOflHT  He  tojibko  k  HSMeHeHHHM  oco6eHHOCTeH  b  3CnC3  b6jih3H 
ypoBHa  <t>epMH,  ho  h  BJiHser  na  MexaHHSMbi  pacceflHHfl  HOCHTeneil  xoKa. 
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Magnetism  and  electronic  structure  of  the  Ni-Cr-Si-B 

amorphous  ribbons 

N.G.  Babich,  O.I.Nakonechnaya,  L.V.  Poperenko, 

T.M.  Tsvetkova  and  N.I.  Zakharenko 


T.Shevchenko  Kiev  University,  64  Vladimirskaya  St.,  252017  Kiev,  Ukraine 

Magnetic  susceptibility,  optical  conductivity  spectra  and  thermo-e.m.f.  data  were  obtained  for 
amorphous  Ni-Cr-Si-B  ribbons,  prepared  at  different  overheating  degrees  of  the  melt.  The  experi¬ 
mental  results  show  that  the  properties  of  these  alloys  are  determined  by  the  density  of  electronic  states 
variation  in  the  vicinity  of  the  Fermi  level  rather  than  by  the  presence  of  the  magnetic  inhomogeneities. 

OflepMcaHO  Aaui  npo  MaruiTuy  cnpuuHsiTJiHBicTb,  cneKTpH  onraMHoi  npoBiflHocri  xa  xepMO-e.p.c. 
aMopifJHHX  CTpiuoK  Ni-Cr-Si-B,  BHroxoBJieHHX  npu  pianux  xcMnepaxypax  neperpisy  poanjiasy. 
EKcnepuMeuTajibHi  peaynbraxu  cBiauaTb  npo  xe,  mo  BJiacxuBocxi  qnx  cnJiasiB  BHaHauaioxbCB  ua- 
caMnepea  sMinoio  rycximn  ejieKxpoHunx  cxauiB  nodjinsy  pisna  OepMi,  a  He  npHcyxHicxio  MarnixHUX 
HeoaHopiflHocxeir. 


Amorphous  alloys  of  the  transition  metal- 
metalloid  type  (TM-M)  with  TM  =  Ni  have  not 
been  studied  in  such  detail  as  those  with 
TM  =  Co,  Ni.  According  to  Krishnan  et  al.  [1]  and 
Bakonyi  et  al.  [2],  the  magnetism  of  Ni-based  me- 
talhc  glasses  reveals  an  inhomogeneous  behavior, 
e.g.  the  magnetic  moment  is  attributed  to  the 
presence  of  Ni-rich  paramagnetic  clusters.  How¬ 
ever,  this  situation  is  still  not  clear  enough. 

In  order  to  gain  a  better  understanding  of  the 
nature  of  the  magnetism  in  Ni-based  glasses,  we 
investigated  the  temperature  dependences  of  mag¬ 
netic  susceptibility  liT)  of  Ni02  aCrjy  QSi.]3  360  3 
ribbons  prepared  at  different  overheating  degree 
of  the  melt  AT  =  250,  300,  350  and  400  K.  x(7) 
curves  (Fig.l)  were  obtained  by  Faraday-type 
technique.  One  can  see  that  y  is  decreases  slowly 
in  the  range  T  <  680  K  and  then  changes  abruptly 
at  r  =  680-700  K.  The  latter  is  associated  with 
crx'stallization  of  the  samples.  Obviously,  the 
crystallization  temperature  is  almost  inde¬ 
pendent  of  AT.  The  value  of  \d%/dT\  below 
decreases  monotonously  as  AT  increases.  How¬ 
ever,  for  all  investigated  alloys  it  is  always  liigher 
than  for  earlier  investigated  Ni-Si-B  alloys  [3]. 
Apparently  it  is  due  to  the  influence  of  chromium 
on  the  electronic  structure  of  alloys.  To  confirm 


this  assumption  we  treated  our  data  according  to 
the  following  equation: 

m  =  XQ+AT^  +  N^VB^3KT-d)  (1) 

X'  10®,  cm®/mole 


Fig.l  Temperature  dependences  of  magnetic  suscepti¬ 
bility  for  Nie2  gSi.,3gBe3  ribbons  with 
AT  =  250  (1),  300(2),  350(3)  and  450  K  (4)  (•  -  heat¬ 
ing,  ^  -  cooling). 
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where  Xo  +  AT^  is  the  temperature  independent 
terra,  -Q)  is  the  Curie- Weiss  suscep- 

tibihty  xcw>  is  the  magnetic  moment  and  0  is 
the  paramagnetic  Curie  temperature.  The  Xo 
ues  are  listed  in  Table  1.  Its  main  contribution  is 
the  Pauli  susceptibiUty  due  to  predominantly  d- 
like  itinerant  electrons  [4].  Hence,  Xo  reflects  in  a 
way  the  change  of  electronic  states  density  at  the 
Fermi  level  n(Ep)  at  AT  increase.  One  can  see  that 
Yf,  values  are  increased  with  AT  indicating  Fermi 
level  is  shifted  to  higher  n(Ef)  values.  Further- 


Table  1.  The  values  of  Xo 
Niea.aCriT.eS'ia.sBe.a  amorphous  ribbons 
ferent  AT. 


T,  for 
with  dif- 


AT  K 

Y„10®,  cm^/mole 

- 

250 

250 

678 

300 

263 

680 

350 

260 

682 

450 

265 

688  1 

more,  Xo  ‘s  greater  for  Ni-Cr-Si-B  type  amor¬ 
phous  alloys  than  for  Ni-Si-B  ones  [3],  what  is 
probably  caused  by  additional  rf-bonds  formation 
between  Ni  and  Cr  atoms  and,  as  a  result,  due  to 
increasing  of  itinerant  electrons  quantity. 

To  study  the  role  of  overheating  in  the  elec¬ 
tronic  localization  effects  and  to  eUminate  the  in¬ 
fluence  of  composition  inhomogeneities  on 
magnetism  of  Ni-based  amorphous  aUoys  let  us 
consider  the  Curie- Weiss  constituent  Xcw- 
term  has  been  analysed  in  a  routine  manner.  The 
0  values  (not  higher  than  60  K)  reflect  the  weak 
interactions  between  magnetic  moments.  For  all 
alloys  in  amorphous  state,  the  magnetic  moment 

per  Ni  atom,  according  to  PNi  “ 

=  0.623),  was  found  to  be  equal  to 

(0.37±0.10)  p.5.  Such  a  small  p.ivji  value  can  be  ex¬ 
plained,  as  in  the  case  of  Ni-Si-B  ribbons  [3],  by 
partial  quenching  of  the  Ni  spin  moment.  But 
values  for  studied  ribbons  exceed  somewhat  those 
found  for  Ni-Si-B.  To  our  knowledge,  this  may 
be  due  to  the  presence  of  Cr  atoms  which  form 
the  additional  rf-bonds  with  Ni  atoms,  decreasing 
the  degree  of  spin  moment  quenching. 

Annther  conclusion  can  be  drawn  from  our 


investigations:  the  PNi  values  remain  almost  con¬ 
stant  while  AT  increases.  Obviously,  the  larger  is 
at  the  more  homogeneous  is  the  spatial  distribu¬ 
tion  of  component’s  atoms.  If  the  magnetism  of 
investigated  alloys  is  defined  by  Ni-rich  clusters, 
as  is  shown  in  [2],  one  would  expect  a  decreasing 
of  uijj  while  AT  increased.  So  far,  such  behavior 
has  not  been  observed,  so  one  can  assert  that 
composition  inhomogeneities  influence  on  the 
magnetic  susceptibility  of  these  alloys  is  neg  1- 


gible. 

Additional  information  on 


this  problem  was  ob¬ 


tained-  from  optical  conductivity  spectra  a(^®) 
(Fig.2),  obtained  by  the  Beattie  method.  Evidently, 

ofHa)  curves  demonstrate  the  presence  of  the  wide 
maximum  with  some  structure  for  aU  AT  values 
within  the  photon  energy  range  0.5-2.2  eV.  On  the 
one  hand,  the  atoms  in  the  samples  prepared  under 


Fig  2  Optical  conductivity  spectra  for 
Ni62.3Cri7.6Sii3.8B6.3  amorphous  ribbons  (curve’s 
numbering  scheme  corresponds  to  Fig.  ) 

lower  AT  are  located  closer  to  each  other  than  in 
samples  prepared  at  higher  AT.  In  the  latter  case, 
the  stronger  electron  localization  effects  take  place 
resulting  in  narrowing  of  the  energy  band.  On  the 
other  hand,  in  amorphous  systems  the  enei:gy  band 
is  broaden  because  of  chaotic  deviation  of  the  m- 
teratomic  distances  from  the  average  value,  which  is 
greater  at  higher  AT.  Taking  into  account  this  rea¬ 
soning  one  can  eiqilain  the  aC/i®)  pecuUarities  for 
these  ribbons  in  the  visible  region  [5].  Thus,  no  es¬ 
sential  changes  in  electronic  structure  ot 
Ni62  3Cri7  6Sii3  8B6.3  amorphous  ribbons  m  the  vi¬ 
cinity  of  Ep  is  found  while  AT  increases.  Our 
thermo-e.m.f.  measurements  also  indicate  zero  val¬ 
ues  in  a  couple  consisting  of  the  ribbons  prepared 
with  different  AT.  This  is  another  confirmation  of 
the  above  conclusion. 

So,  all  the  experimental  facts  disclosed  here 
permit  us  to  state  that  it  is  impossible  to  assume, 
at  least  within  the  experimental  temperature  re¬ 
gion,  the  existence  of  Ni-rich  magnetic  clusters 
that  might  essentially  influence  the  electronic 
properties  of  the  ribbons  studied. 
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MaraeTHSM  h  3JieKTpoHHafl  cxpyKTypa 
aMop^iHbix  jicHT  Ni-Cr-Si-B 


H.r.Ba6HH,  O.H.HaKOHeHHaa,  JT.B.IlonepeHKo, 
T.M.L[BeTKOBa,  H.H.3axapeHKO 


rionyHCHbi  aaHHbie  o  MarHHXHOH  BOcnpHHMHHBocTH,  cneKTpax  onxHMecKOH  npoBOAHMocxH  h 
xepMo-a.n.c.  aMopcfiHbix  Jienx  Ni-Cr-Si-B,  npHXoxoBJieHHbix  npn  paajiHHHbix  xetunepaxypax  neperpesa 
pacnjiasa.  DKcnepuMeHxajibHbie  pexynbxaxbi  CBHflexejibcXByiox  o  xom,  hxo  cBOHcxBa  oxnx  cnnaBOB 
onpeflennioxca  npexyje  Bcero  HSMeHeHHeM  nnoxHocxH  BJieKxpoHHbix  cocxobhhh  b  OKpecrnocxn  ypoBHn 
OepMH,  a  He  npHcyxcxBHCM  MaxHHXHbix  HeoaHopon:HocxeH. 
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Optical  properties  of  metallic  surfaces 
modified  by  the  ion  implantation 


L  V.Poperenko,  O.M.Tolopa  and  V.D.Karpusha 


T. Shevchenko  Kiev  University,  64  Vladimirskaya  St.,  252601  Kiev,  Ukraine 


The  results  of  optical  and  Auger-electron  spectroscopy  experiments  for  surface  of  Mo  specimens 
modified  by  high-dose  implantation  by  Cu"^  and  mixed  beam  of  Fe"^  and  B  are  analysed.  It  is  shown 
that  the  role  of  the  foreign  impurity  atoms  such  as  carbon  in  the  formation  of  interatomic  binding  into 
the  near-surfaces  layer  is  essential. 

IlpoaHajiiaoBaHO  peayJibxaTH  onxHHHHX  xa  oixe-cneKxpocKoniHHHX  .nocjiifl^eHb  MOflHcliiKOBaHHX 
BHcoKOflosHOK)  iMnjiaHxauieio  nosepxoHb  MOJiibaeHOBHX  3pa3KiB  ionaMH  Cu  xa  3MiiuaHHM  noxo- 
KOM  Fe"^  i  B"^.  BH3HaHeHo,  mo  y  npHnoBepxneBOMy  npouiapKy  penoBHHH  BHHHKae  MixcaxoMHHH 
3B’a30K  xaKoro  xuny,  fle  pojib  MexajioiflHHX  axoMiB  BiflirpaKxrb  cxopoHHi  .noMiuiKH  ByrJieuK)  xa 
iHiiiHX  eneMeuxia. 


One  of  the  most  urgent  tasks  of  modem  ap¬ 
plied  physics  is  to  obtain  the  scientific  data  which 
are  used  as  the  basis  of  new  techniques  to  extend 
the  machines  and  tools  lifetime,  to  change  the 
surface  conductivity  and  metallization  of  dielec¬ 
trics,  to  create  the  anti-frictional,  corrosion-resis¬ 
tant,  erosion-resistant,  and  other  coatings 
including  those  made  of  elements  which,  in  the 
equilibrium  conditions,  are  mutually  insoluble, 
e.g.  Cu-Mo  or  Cu-W  type  [1].  Investigation  in 
this  area  are  performed  in  two  directions  comple¬ 
menting  each  other:  the  creation  of  large-aperture 
streams  of  ions  and  plasma  and  the  study  of 
properties  of  coatings  obtained  by  such  tech¬ 
niques. 

The  purpose  of  this  work  is  to  study  the  opti¬ 
cal  properties  of  the  coating  obtained  by  high- 
dose  ion  implantation  (HII)  and  also  to  elucidate 
the  elements  distribution  in  depth  for  specimens 
treated  by  HII  and  by  ion-plasma  mixing  (IPM). 
As  a  ions  source,  the  vacuum-arc  large-aperture 
{S  =  200  to  400  cm2)  jon  injector  was  used  [2]. 
The  acqplerating  potential  was  80  kV,  the  ion  im¬ 
plantation  dose  10'2  -  10'*  cm-2.  As  the  implan¬ 
tation  object,  a  Mo  substrate  was  used  in 
combination  with  the  copper  cathode;  also,  the 
mixed  Fe'^,  B''"  stream  implantation  into 

molybdenic  substrate  was  performed.  For  optical 


studies,  a  specimen  of  unimplanted  Mo  was  used, 
too. 

The  elements  distribution  in  depth  was  meas¬ 
ured  by  Auger  spectroscopy.  The  optical  proper¬ 
ties  of  coatings  were  studied  by  means  of 
Beattie-Cohn  spectroellipsometric  method  in  the 
energy  range  0.5  —  4.5  eV.  The  angle  of  beam  inci¬ 
dence  on  the  specimen  was  70  °.  From  the  optical 
measurements  data,  the  absorption  and  refrac¬ 
tion  coefficients  were  calculated  as  well  as  the  op¬ 
tical  conductivity  ct  =  hkv,  where  V  is  the 
sounding  light  frequency,  and  the  real  component 
of  the  dielectric  constant,  6,.  The  error  of  meas¬ 
urement  of  optical  absorption  and  refraction  in¬ 
dices  did  not  exceed  3  %. 

It  follows  from  the  consideration  of  concen¬ 
tration  profiles  for  the  implanted  surfaces  (Fig.l) 
that,  in  the  IPM  mode,  a  significant  increase  of 
concentration  and  of  modified  layer  thickness 
takes  place.  The  observed  distribution  of  ele¬ 
ments  in  specimen  depth  cannot,  in  this  case,  be 
predicted  on  the  basis  of  the  equilibrium  state 
diagram  for  respective  systems.  Such  a  situation 
is  possible  if  either  the  amorphous  state  exists,  or 
a  phase  distribution  induced  by  high-dose  im¬ 
plantation  with  formation  of  micro-clusters  of 
each  element  atoms  having  size  of  several  coordi¬ 
nation  spheres.  The  prevailing  diffusion  of  sur¬ 
face  atoms  having  affinity  both  with  implanted 
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C.  at.% 


C.  at.% 


Fig.  1 .  Admixtures  concentration  profiles  for  molyb¬ 
denum  coatings  implanted  with  Cu'^  ions  by  HII  (a) 
and  IPM  (b). 

atoms  and  the  substrate  confirms  the  hypothesis 
about  the  advantage  of  radiation-atimulated  dif¬ 
fusion  processes  over  the  ballistic  mixing  of  at¬ 
oms  with  neighbouring  ones  [1].  When,  in  the  HII 
method,  the  implantation  dose  (time)  increases 
up  to  Dj  >  5'10'^  ions/cm^,  the  target  sputtering 
and  implanted  ions  penetration  processes  come  to 
saturation.  Thus,  in  that  technique,  the  concen¬ 
tration  of  ions  implanted  into  a  surface  is  Umited 
by  a  value  of  20. ..30  atom.%.  The  coating  thick¬ 
ness  can  be  increased  if  carbon  is  present  on  the 
target  surface  due  to  diminished  surface  sputter¬ 
ing  during  the  HII  process. 

Considering  the  spectral  dependence  of  the 
optical  conductivity,  ct(E)  (Fig. 2),  one  can  sup¬ 
pose  that,  at  HII,  the  optical  features  of  coatings 
under  question  undergo  an  essential  change.  So, 
after  the  Cu+  ions  implantation  into  Mo,  the  ab¬ 
sorption  peak  at  the  impinging  photons  energy 
1.8  eV  which  is  characteristic  for  Mo  vanishes 
completely.  Such  a  relationship,  however,  differs 
also  from  the  optical  properties  of  Cu,  what  is 
due  to  a  substantial  content  of  carbon  and  other 


a  •  10-^5,  C'' 


Fig. 2.  Spectral  dependences  ofthe  optical  conductiv¬ 
ity  of  coatings. 

impurities  atoms  in  the  surface  layers.  The  im¬ 
plantation  of  a  mixed  Fe  and  B  ions  stream  re¬ 
sults  in  a  certain  modification  of  the  absorption 
peak  at  1.8  eV  energy:  the  absorption  maximum 
shifts  toward  the  IR  spectral  range,  and  an  addi¬ 
tional  singularity  at  the  photons  energy  2  eV  ap¬ 
pears.  It  is  characteristic,  too,  that,  in  the  case  of 
modification  by  Cu  atoms,  some  lowering  of  ab¬ 
solute  a(£)  values  takes  place,  while  the  implan¬ 
tation  of  a  mixed  Fe"*"  and  ionic  stream  results 
in  their  increase. 

The  correct  analysis  of  the  light  absorption 
mechanism  for  the  specimens  under  study  is  made 
difficult  by  the  lack  of  calculations  of  the  elec¬ 
tronic  structure  for  such  systems.  It  can  be  said 
with  confidence,  however,  that  absorption  peaks 
in  the  photons  energy  range  1.5  -  2  eV  are  associ¬ 
ated  with  interzonal  electron  transitions  from  the 
filled  rf-like  electron  states  in  metalhc  atoms  to 
the  empty  ones  positioned  near  to  Fermi  level. 
This  conclusion  is  confirmed  by  a  considerable 
body  of  published  data  referring  to  the  study  of 
the  electronic  structure  and  related  optical  fea¬ 
tures  of  disordered,  amorphous,  and  other  alloys 
containing  the  transition  metals.  The  significant 
increase  (decrease)  of  the  absolute  optical  con¬ 
ductivity  values  reflects  the  fact  that  the  electron 
states  density  near  the  Fermi  level  undergoes 
changes. 

Information  about  the  optical  properties  of  a 
substance  is  completed  essentially  by  the  analysis 
of  the  spectral  dependences  of  the  dielectric  con¬ 
stant  real  component.  It  follows  from  such  an 
analysis  that  the  modification  of  the  molybdenum 
surface  results  in  the  tendency  to  an  anomalous, 
as  compared  to  metals,  e,(E)  dependence  in  the 
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Fig.3.  Spectral  dependences  of  the  real  part  of  dielec¬ 
tric  constant  for  coatings. 

IR  spectral  region  (Fig.3).  For  metals  and  their 
alloys,  a  Drude-like  relationship  of  the  dielectric 
constant  real  part  is  characteristic,  which  is  just 
observed  for  unmodified  Mo  specimens.  Yet,  the 
ionic  implantation  results  in  a  less  sharp  drop  of 
the  value  mentioned  when  the  photons  energy  de¬ 
creases.  As  one  of  the  authors  had  shown  earlier 
[3],  such  a  shape  of  the  e,(£)  dependence  reflects 
the  electron  density  localization  in  the  space  be¬ 
tween  the  unlike  atoms  pairs  (metal-metalloid), 
and  the  diminishing  of  the  generalized  electrons 
fraction  in  the  area  of  metallic  atoms  overlap. 
Such  a  covalent-  and  ionic-like  bounding  of  the 
close-neighbouring  atoms  in  relation  to  metallic 


ones,  associated  with  Anderson  s  localization,  re¬ 
sults  in  an  incerased  stability  of  the  atomic  struc¬ 
ture  fonned  and,  respectively,  in  an  enhance  of 
working  characteristics  for  articles  made  of  such 
materials.  It  can  be  supposed  that,  at  ionic  im¬ 
plantation,  just  the  interatomic  bonds  ol  such  a 
type  arise,  where  carbon  and  other  elements  ad¬ 
mixtures  act  as  the  metalloid  atoms.  This  results 
in  the  possibiUty  of  existence  of  a  stable  disor¬ 
dered  structure  characterized  by  high  working 
characteristics. 

Thus,  the  consideration  of  results  of  per¬ 
formed  optical  and  Auger  spectroscopic  studies 
shows  that  the  Mo  surface  implantation  by  HIl 
method  causes  substantial  shanges  in  its  elec¬ 
tronic  structure  and  in  optical  properties  related 
with  it.  The  formation  of  stable  systems  including 
different  groups  of  atoms  is  due,  in  considerable 
measure,  to  the  arising,  during  HII,  of  localized 
electronic  states,  what  results  in  an  enhance  of 
mechanical  working  characteristics  of  such  coat¬ 
ings. 

References 

1.  Yu.F.Bykowski,  V.N.Nevolin,  V.Yu.Fominski,  Ionic 
and  Laser  Implantation  of  Metal  Materials  [in  Rus¬ 
sian],  Energoatomizdat,  Moscow  (1991). 

2.  A.L.Aksenov,  S.P.Bugayev,  A.M.Tolopa,  Pribory  i 
technika  eksperimenta,  No.3,  139  (1987). 

3.  L.  V.Poperenko,  Optical  Properties  and  Electron  Struc-  • 
ture  of  Amorphous  Alloys  Based  on  the  Iron  Group 
Elements  [in  Russian],  Phys.-Math.Doctoral  Thesis, 
Kiev  (1992). 


OnXHHeCKHe  CBOfiCTBa  MO,aH4)HI|HpOBaHHbIX  HOHHOH 
HMiuiaHTauMeii  MeTajiJiHHecKHX  noBepxHOCTeii 


JI.A.IIonepeHKO,  O.M.Tojiona,  B.A.Kapnyma 


npoaHannsHpoBaub.  pesyiiuTaTbi  onxHHecKHX  H  o>Ke-eneKTpoeKonHHecKHX  f 

imnonaHHbix  HMnjiaHTauHeii  nonepxHocreH  MOJiH6fleHOBbix  obpaauoB  HonaMu  Cu  h  cMeiuauHbiM 
ZoKOM  “e*  r  H  onp«o.  ™  »  np«no.ep™o<rr„o«  onoe  .<»H»Ka«  Me*aio™« 

™  ™  ™na  rae  pL  aTOMO.  Hq>aoT  .Kcu.»»  npHMaep  y™q,op.  H 


SJieMeHTOB. 


Functional  materials,  2,  2.  1995 


261 


Functional  Materials  2,  No. 2  (1995)  ©  1995  —  Institute  for  Single  Crystals 


Photoacoustic  and  luminescent  properties 
of  porous  silicon 

I.V.Blonsky,  M.S.Brodyn,  V.A.Tkhorik, 

Yu.P.Piryatinsky*  and  G.Yu.Rudko* 

Institute  of  Physics,  National  Academy  of  Sciences  of  Ukraine, 

46  Nauki  Ave.,  252650  Kiev,  Ukraine 

♦Institute  of  Semiconductor  Physics,  National  Academy  of  Sciences  of 
Ukraine,  45  Nauki  Ave.,  252028  Kiev,  Ukraine 

Photoacoustic  spectra  of  porous  silicon  have  been  first  investigated  with  the  signal  recording  by  gas 
microphone;  on  the  basis  of  those  spectra,  the  fundamental  absorption  edge  of  the  material  has  been 
reproduced  and  the  temperature  conductivity  coefficient  D  =  0.09  cmVs  was  determined.  The  results 
obtained  are  correlated  with  time-resolved  photoluminescence  spectra  obtained  by  the  authors,  what 
allows  the  conclusion  about  a  «bottle  neck»  existence  in  the  energy  relaxation  of  electronic  excitations 
of  por-Si. 

Bnepme  aocniflxceno  ({jOToaKycTnuni  cneKxpn  nopncxoro  KpeMHiio  npn  ra30MiKpo(l)OHHiH 
peecxpartii  ciirnajiy,  na  ocnosi  3khx  BinxBopeHO  fioro  (|)yH^^aMeHxaJIbHHH  Kpafi  norjiHHanHsi  xa 
BH3HaMeHO  Koe4)iuieHX  xeMnepaxyponpoBiflHocxi  Z)  =  0,09cmVc.  Peayjibxaxn  ,aocni.n)KeHb  $0x0- 
aKycxHHHHX  cneKxpiB  cniBcxaBJieHi  3  oxpHMaHUMH  asxopaMH  cneKxpaMH  (j)oxojiK)MiHicL(eHuii  3 
uacoBHM  P03BHXKOM,  ujo  aosBOJiflc  3po6Hxn  BHCHOBOK  opo  icHyBaHHH  «n.iiflmKOBoro  FOpjia))  B 
eneprexHUHiH  pejiaKcaqii'  ejieKxpoHHHX  sfiynJKenb  por-Si. 


Introduction. 

The  remarkable  property  of  porous  silicon 
(por-Si)  is  the  intense  visible  photoluminescence 
at  room  temperature  [1],  The  nature  of  this  phe¬ 
nomenon  is  not  clear  yet.  There  are  several  hy- 
potheses  of  its  origin.  The  most  popular 
explanations  are: 

1)  the  modification  of  electronic  bands  structure 
due  to  the  quantum  size  effects  in  siUcon  quan¬ 
tum  wires  formed  by  anodizing  [2]; 

2)  formation  of  certain  chemical  compounds 
(SieOaHe.  SiH,  SiH2,  etc.)  which  radiate  in  the 
wide  spectral  range  1. 6-2.6  eV  [3]; 

3)  the  existence  of  amorphous  silicon  phase  of 
various  chemical  compositions  on  the  walls  of  the 
pores  [4]. 

To  prove  any  of  these  models,  the  knowledge 
of  the  fundamental  adsorption  edge  of  por-Si  is 
very  important.  The  solution  of  this  problem  by 
means  of  traditional  absorption  spectroscopy 


methods  is  rather  complicated  due  to  following 
reasons: 

1)  the  samples  under  investigation  consist  usually 
of  two  layers  with  different  properties  (thin  po¬ 
rous  layer  covers  comparatively  thick  bulk  single 
crystalline  silicon  wafer); 

2)  the  porous  layer  gives  the  essential  contribu¬ 
tion  to  the  total  extinction  of  the  sample  due  to 
the  diffuse  light  scattering. 

Experimental 

During  last  years,  new  methods  based  on  the 
photoacoustic  (PA)  effect  were  elaborated  for  the 
investigation  of  optical  and  thermoelastic  proper¬ 
ties  of  inhomogeneous  media  (e.g.  for  layered  sys¬ 
tems)  [5].  The  photoacoustic  effect  is  the 
generation  of  acoustic  waves  in  the  sample  itself 
as  well  as  in  the  surrounding  gas  due  to  the  ab¬ 
sorption  of  modulated  radiation.  To  investigate 
the  PA  effect  a  special  cell  is  usually  used.  It  is 
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closed  chamber  with  optical  windows  which  is 
filled  with  a  gas.  PA  signal  is  detected  by  micro¬ 
phone  built  into  a  wall  of  the  chamber.  The  vari¬ 
ations  of  gas  pressure  due  to  the  thermal 
exchange  between  the  light-heated  sample  and  the 
gas  inside  the  cell  cause  the  vibrations  of  the  mi¬ 
crophone  membrane.  The  measured  values  are 
the  amplitude  U  and  the  phase  cp  of  the  signal. 
Generally,  the  U  value  corresponds  to  the  effi¬ 
ciency  of  transformation  of  the  absorbed  light 
beam  energy  to  the  thermal  one,  while  the  value  cp 
characterizes  the  delay  of  the  PA  signal  which 
depends  on  the  time  of  the  temperature  relaxa¬ 
tion,  the  time  of  thermal  diffusion  and  the  time 
constant  of  experimental  equipment. 

Results  and  discussion 

The  present  paper  deals  with  the  first  investi¬ 
gations  of  PA  response  of  por-Si  vs.  the  light 
modulation  frequency  a-lnf  and  excitation  light 
wavelength  X.  From  these  dependences,  the  spec¬ 
tral  dependence  of  absorption  coefficient  near  the 
high-frequency  edge  of  por-Si  luminescence  band 
was  deduced.  The  comparison  of  por-Si  and  bulk 
Si  thermal  properties  is  carried  out.  The  proposed 
method  of  the  fundamental  absorption  edge  de¬ 
termination  is  based  on  the  fact  that  amplitude  U 
and  phase  cp  of  PA-signal  are  changed  at  the  tran¬ 
sition  from  the  transparency  region  of  por-Si  to 
the  high  absorbance  region  due  to  the  transfor¬ 
mation  of  heat -generating  zone. 

The  measurements  were  carried  out  at  room 
temperature  using  specially  designed  PA 
specrtrometer  based  on  gas  microphone  method 
of  signal  detection. 

Three  types  of  samples  with  equal  thicknesses 
(500  urn)  were  investigated.  They  were  the  single 
crystalline  sihcon  wafers  and  Si  wafers  with  layers 
of  por-Si  of  5  pm  and  50  pm  thickness.  The  por-Si 
layers  were  obtained  by  anodizing  in  the  ethanolic 
HF  solution  at  current  density  40  mA/cm^. 

Fig.l  shows  the  frequency  dependences  of  PA 
signal  amplitude  U  and  phase  cp  for  three  types  of 
samples  measured  at  X,  =  632.8  nm.  It  is  seen  that 
U(f)  and  9(/)  dependences  are  almost  the  same 
for  the  bulk  Si  wafer  and  for  the  sample  with 
5mm  por-Si  layer  while  the  corresponding  de¬ 
pendences  for  the  sample  with  50  pm  por-Si  layer 
are  soniewhat  different.  This  fact  can  be  ex¬ 
plained  in  the  framework  of  the  model  for  PA 
response  in  two-layer  system  assuming  that  the 
absorbance  of  por-Si  layer  at  A.  =  632.8  nm  is  low. 
Then  it  is  obvious  that,  in  the  bulk  Si  heat  gen¬ 
eration  takes  place  in  a  thin  subsurface  layer  with 
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Fig.l.  The  frequency  dependences  of  the  PA  signal 
phase  (p  for  single  crystalline  Si  and  for  the  samples 
with  5  pm  and  50  pm  por-Si  layers  (curves  1-3,  respec¬ 
tively)  and  the  frequency  dependences  (curves  4  and 
5)  of  PA  signal  amplitude  t/for  the  samples  with  5  pm 
and  50  pm  por-Si  layers,  respectively,  normalized  to 
the  PA  signal  amplitude  for  single  crystalline  Si. 

the  thickness  L  ~  lO'*  cm  which  is  determined  by 
the  absorption  coefficient  at  X,  =  632.8  nm.  In  the 
sample  with  por-Si  layer  the  heat  source  is  lo¬ 
cated  on  the  por-Si/bulk  Si  interface.  The  phase 
shift  of  PA  response  depends  in  this  case  on  the 
delay  of  the  thermal  wave  due  to  the  propagation 
through  the  por-Si  layer. The  larger  is  the  thick¬ 
ness  h  of  por-Si  layer,  the  larger  would  be  cp.  The 
latter  value  is  also  influenced  by  the  thermal  dif- 
fusivity  coefficient  D.  In  fact,  the  wavelength  of 

the  thermal  wave  is  given  by  I  =  (20/ co)'^^. 

The  above  considerations  elucidate  the  source 
of  the  discrepancies  in  U(f)  and  (p(/)  dependencies 
obtained  for  the  samples  with  5  pm  and  50  pm  por- 
Si  layers,  and  evidence  that,  in  the  chosen  range  of 
05  values,  the  samples  with  the  por-Si  thickness 
/i  >  5  pm  should  be  investigated  by  PA-spectros- 
copy  methods.  Using  the  phase-frequency  depend¬ 
ences  (Fig.l)  and  the  conclusions  of  theory  [6], 
derived  for  the  case  of  two-layer  system,  we  esti¬ 
mated  the  thermal  diffusivity  for  the  porous  layer  to 
be  D  0,  =  0.04  cm^/s.  Note  that,  for  the  bulk  Si, 
D  =  0.9^cmVs  [7].  However,  it  should  be  empha¬ 
sized  that  in  the  case  of  por-Si,  the  value  of 
depends  on  porosity  and  is  not  the  universal  pa¬ 
rameter  of  material.  The  porosity  of  the  samples 
under  investigation  was  40  %.  The  detailed  com¬ 
parison  of  thermal  properties  of  por-Si  and  bulk  Si 
is  given  elsewhere. 

Fig.2  shows  the  spectral  dependencies  of  U  and 
cp  of  PA  signal.  It  is  seen  that  the  spectrum  of  the 
sample  with  thin  porous  layer  is  smooth  and  has  no 
characteristic  features.  This  behavior  is  obvious  be¬ 
cause,  at  /=  120  Hz,  the  porous  layer  is  thermally 
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Fig. 2.  The  spectral  dependences  of  the  amplitude  U 
(curves  1 ,4)  and  of  the  phase  shift  (p(2,3)  of  the  PA 
signal  for  the  samples  with  5  pm  (curves  3,4)  and 
50  pm  (curves  1 ,2)  por-Si  layers. 

thin  (at  /=  120  Hz,  /  =  103  pm,  i.e.  / »  h).  On  the 
other  hand,  the  dependences  U(X)  and  (p(A,)  for  the 
sample  with  the  50  pm  por-Si  layer  (/  =  h)  exhibit  the 
abrupt  increase  of  phase  shift  and  amplitude  with  the 
decrease  of  wavelength  starting  with  X  -  630  nm. 
Since  the  dependences  U(X)  and  (p()t)  were  obtained 
for  the  fixed  modulation  frequency  value /=  120  Hz, 
this  increase  may  be  caused  only  by  the  spatial 
change  of  the  region  where  thermal  release  takes 
place.  With  the  decrease  of  exciting  wavelength,  this 
region  shifts  from  the  por-Si^ulk  Si  interface  to¬ 
wards  the  surface  of  the  sample.  This  shift  may  be 
caused  only  by  an  increase  of  exciting  light  absorp¬ 
tion  in  the  surface  layer.  Thus,  the  results  obtained 
evidence  that,  in  the  sample  with  50  pm  por-Si 
layer,  the  increase  of  U(X)  and  cp(A-)  corresponds  to 
the  absorption  edge  a(X). 

For  the  advance  in  the  understanding  of  the 
nature  of  visible  light  radiation  in  por-Si,  the  com¬ 
parison  of  PA  spectra,  which  give  the  information 
about  nonradiative  energy  dissipation,  with  pho- 
toluminescence  (PL)  spectra  is  carried  out.  The  lat¬ 
ter  were  measured  under  the  nitrogen  laser 
excitation  (X^^  =  337. 1  nm,  r  =  6  ns,  p  =  5  mW)  in 
the  strobe  regime.  Typical  time  dependent  spectra 
are  shovra  in  Fig. 3.  The  main  PL  resuits  are: 

1)  in  the  spectra  measured  with  the  delay  time 
of  about  several  ns,  the  wide  high  frequency  PL 
band  with  the  maximum  at  440  nm  is  observed. 
This  band  consists  probably  of  three  overlapping 
bands,  and  their  intensities  are  saturated  under 
the  high  exitation  laser  intensity; 

2)  With  the  increase  of  the  delay  time,  the  inten¬ 
sity  of  440  nm  band  decreases  and  the  latter  dis¬ 
appears  at  ^3  =  100  ns  while  the  new  band  in  the 
spectral  range  550-800  nm  emerges; 

3)  w'ith  the  increase  of  from  100  ns  to  30  ms,  the 


FL  (a.u.) 


Fig. 3.  Time  resolved  fluorescence  spectra  of  por-Si. 
The  delay  time,  1  -  I  ns,  2  -  10  ns,  3  -  I  ps,  5  - 
20  ps,  6  -  30  ps,  7  -  40  ps,  X^  =  337. 1  nm,  T  =  300  K. 


spectral  position  of  the  low  frequency  band  shifts 
from  680  nm  to  720  nm. 

The  continuous  and  nonmonotonous  character 
of  photoluminescence  spectrum  transformation 
with  the  increase  of  leads  to  the  conclusion  about 
the  common  origin  of  these  bands  and  the  existence 
of  a  «bottle  neck»  (500-600  nm)  in  the  energy  re¬ 
laxation  of  PL-related  electronic  excitations.  One  of 
the  probable  sources  of  «bottle  neck»  effect  may  be 
the  mobility  edge  occurence  in  the  density  of  states 
g(E)  which  is  characteristic  of  the  systems  with  in¬ 
homogeneous  broadening.  In  this  case,  the  low  fre¬ 
quency  PL  band  which  is  observed  on  the  final 
stages  of  electronic  excitations  relaxation  would 
correspond  to  the  localized  electronic  states  range, 
and  the  spectrum  in  Fig.2  would  reflect  g(E)  distri¬ 
bution  below  the  mobility  edge.  The  results  of  our 
investigations  of  PL  and  PA  spectra  at  the  excita¬ 
tion  of  carriers  into  the  nonhomogeneously  broad¬ 
ened  states  as  well  as  the  mechanisms  of  PL  will  be 
discussed  elsewhere. 
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The  study  of  the  substance  desorption  process 
using  holographic  interferometry 
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One  of  the  most  important  problems  in  the  investigation  of  the  solid  and  liquid  surfaces  interaction 
with  gaseous  and  liquid  media  is  providing  the  non-destructive  and  contactless  control  of  surface 
structure.  The  holographic  interferometry  can  be  succesfully  used  for  this  purpose.  The  principle  of  the 
holographic  interferogram  record  consists  of  the  interference  of  two  states  of  the  same  surface  of  the 
studied  object:  in  initial  state  and  that  after  being  exposed  to  some  changes.  The  slightest  changes  of 
the  surface  structure  that  were  caused  by  desorption  of  the  substance  lead  to  the  changes  of  the 
contrasts  in  interference  pattern.  This  allows  to  evaluate  the  rate  and  intensity  of  the  substance 
interaction  with  surface. 


OfluicK)  3  Ba>KJiHBHX  saflaH  npu  flocjiiflxceHHi  BaacMoflii'  TBep;;HX  xa  piflKHX  nosepxoHb  3  ra3ono/ti6- 
HHMH  i  pinKHMH  peMOBHHaMH  c  3a6e3neHeHHa  6e3KOHTaKTHoro  xa  uepyuHiBHoro  KOHxpojno  cxpyK- 
xypu  noBepxHi.  JXjia  uid  mcxh  Moxcna  3  ycnixoM  sacxocyBaxn  Mexoa  rojiorpa(j)iHHoi  inxeptJiepoMexpu. 
npuHUHn  3anHcy  roJiorpa(f)i'iHHx  inxepcJjeporpaM  nojwrae  b  iHxep(})epeHqii  ^box  cxaniB  oflHiei'  u  xiei  5k 
noBepxHi  nocninxcyBaHoro  o6’eKxy:  b  nonaxKOBOMy  cxaui  xa  nicjin  ^esocoi  BsacMonii.  HaHMeumi  SMinu 
cxpyKxypu  noBepxui,  BHKJiHKaui  necopGuieio  penoBHUH,  npnaBonaxb  flo  bmihu  KOHXpacxy  iHxep(j)e- 
penuiuHoi  KapxuuH  CMyr.  Ife  no3BOJiac  opinuxH  uiBH/pcicxb  xa  iHxencHBHicxb  BsacMonii  penoBHun  3 
noBepxHero. 


When  creating  new  composite  materials,  indi¬ 
cating  devices,  products  and  constructions  oper¬ 
ating  in  aggressive  media,  one  should  have 
information  on  the  state  of  the  surface  and  dy¬ 
namics  of  its  properties  variation  as  a  result  of  the 
interaction  with  gaseous  and  liquid  substances. 
One  of  the  most  important  problems  in  the  study 
of  the  interaction  processes  of  solid  and  liquid 
surface  with  gases  and  hquids  is  a  provision  of  a 
contactless  and  nondestructive  methods  for  the 
surface  state  control. 

A  holographic  interferometry  method  ensur¬ 
ing  a  possibility  to  make  contaetless  measurements 
on  any  type  surfaces  without  a  preliminary  prepara¬ 
tion  or  treatment  can  be  applied  for  this  purpose. 
The  shnphcity  and  high  accuracy  of  this  method 
open  wide  perspectives  for  it  to  be  used  for  the 
solution  of  scientific  and  application  problems 
when  studying  the  processes  that  occur  on  the  sur¬ 
face  of  different  materials.  An  approach  according 
to  which  every  point  of  the  illuminated  surface  ab¬ 
sorbs  and  reflects  the  light  and  thus  acts  as  a  source 
of  spheric  waves  is  taken  as  a  basis  of  the  proposed 


method  of  holographic  interferometry.  The  com¬ 
plex  amplitude  of  the  scattering  hght  in  a  random 
point  of  space  is  equal  to  the  sum  of  the  amph- 
tudes  of  the  waves  scattered  by  every  point  of  the 
surface.  The  height  of  the  surface  rehef  in  some 
point  (x,y)  is  the  function  ^(x,y)  which  is  defined  as; 

^ix,y)^/(R^R^),  (1) 

where  is  a  mean  arithmetical  deviation  of  the 
profile  from  the  central  line  within  the  limits  of 
some  length  /;  R^  is  the  height  of  the  profile 
uneven  ties. 


1  n 

W; 


/=  1 
5 


R. 


5  ^  ^imoK  S  ^imin 


(2) 


/  =  1 


The  expression  for  the  complex  amplitude  of 
the  scattered  light  in  a  random  point  of  space  F 
may  be  written  in  the  form  [1]: 
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Fig.  1 .  Changes  in  the  contrast  of  the  interference  pat¬ 
terns  of  displacement  bands  caused  by  the  liquid 
desorption  from  a  solid  surface;  a)  liquid  sorbed  by 
the  surface;  b)  liquid  partially  desorbed;  c)  liquid 
fully  desorbed. 


U(x^)  =  ^  Jj  U{x^)  exp[/27iG^(x,  yVk]  dx  dy 

—CO 

where  k  is  constant;  U{x,y)  describes  the  complex 
amplitude  of  light  incident  on  the  point  (x,p);  G  is 
geometric  factor  defined  by  the  directions  of  the 
illumination  and  observation. 

Since  the  parameters  characterizing  the  state  of 
the  surface  (rehef,  structure,  etc.)  vary  randomly 
by  the  value  of  the  wavelength  k  or  more,  the 
phase  member  G£(x,y)  will  vary  proportionally  to 
random  values.  Consequently,  a  full  amplitude  at 
the  point  P  is  described  by  the  sum  of  vectors  with 
random  phases;  their  addition  gives  a  random  re¬ 
sulting  amplitude.  The  value  of  the  full  amplitude 


Contrast 


Fig.2.  The  dynamics  of  contrast  changes  of  the  inter¬ 
ference  pattern  with  time  in  the  process  of  liquid 
desorption  from  a  solid  surface. 

varies  from  0  to  maximum  depending  on  the 
value  of  the  individual  components’  phase. 

At  the  change  of  the  characteristic  factors  of 
the  studied  surface,  the  full  amplitude  and,  conse¬ 
quently,  the  intensity  of  the  scattered  light  change 
as  well.  This  is  well  visualized  by  the  modification 
of  the  interference  pattern  of  the  displacement 
bands  formed  by  this  surface. 

The  experiments  on  the  study  of  the  liquid 
(alcohol)  desorption  process  from  the  surface  of 
aluminium  plate  were  carried  out.  Fig.l  shows 
the  dynamics  of  the  change  in  the  interference 
pattern  in  the  course  of  the  liquid  desorption 
from  the  solid  surface.  It  is  evident  that  the  slight¬ 
est  changes  of  the  surface  state  caused  by  the  sub¬ 
stance  desorption  lead  to  change  in  the  contrast 
of  the  bands  interference  pattern.  By  the  contrast 
change  with  time  (Fig.2),  one  may  quantitatively 
estimate  the  liquid  desorption  rate  from  the  stud¬ 
ied  surface. 

The  presented  results  give  evidence  to  the  pos¬ 
sibilities  of  the  holographic  interferometry 
method  and  to  the  necessity  to  elaborate,  on  its 
basis,  a  high  accuracy  method  for  the  investiga¬ 
tion  of  Langmuir-Blodgett  films,  adsorption 
monolayers  on  liquid  and  solid  surfaces,  modified 
surfaces  of  adsorbents,  etc. 

This  registration  method  can  be  applied  in  the 
creation  of  devices  for  a  nondestructive  control  of 
operational  characteristics  of  the  working  sur¬ 
faces  of  constructions  and  products  as  well  as  in 
ecology  for  the  development  of  a  new  generation 
of  sensors  for  enviromental  monitoring. 
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HsyncHMe  npouecca  /^ecop6uMH  BSPiecTB  c  MOPiioii^isSO 
rojiorpa(J)KHecKOH  MHxep^poMeTpMii 
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Jl.H.Po6yp,  r.A.ABTOHOMOB 


Oahoh  H3  BascHeHUiHX  aaflan  npH  HCCjieflOBaHHH  B3anMo;(eHCTBHa  TBqDMWX  h  xckaj^hx  noBqDXHoareH 
c  ra30o6pa3HbiMH  h  jkhakhmh  qje/iaMH  BBJiaerca  o6ecneHeHKe  6ecKOHTaKTHoro  h  Hepa3pyiiiaiomero 
KOHTpoJiB  crpyKTypbi  noBepxHocTH.  3TOH  uejiH  Mojjcer  6biTb  ycneuino  npHMeneH  Meroa  rojiorpa- 
(j)HHecKOH  HHTep4)epoMeTpHH.  ripHHUHn  3anHCH  rojiorpa4)HMecKHX  HHxep^eporpaMM  saKjnoHaercH  b 
HCn0JIb30BaHHH  HHTep({)q3eHUHH  flByX  COCTOHHHH  OflHOH  H  TOH  *6  nOBqJXHOCTH  HCCJieflyeMOrO  o6beKTa. 
B  HaHajibHOM  cocTOSHHH  H  Hocae  HCKOToporo  B3aHMOfleHCTBna.  MajieHijjKC  H3MeHeHHa  crpyKTypbi 
noBepxHOCTH,  BbiasaHHbie  jiecop6uHea  BemecTBa,npHBOflHT  k  HaMeHCHiiio  Kourpacra  HHrepcJie- 
peHUHOHHOH  KapTHHbi  noaoc.  3x0  no3BoaaeT  oqeHHXb  CKopocxb  h  HHxeHCHBiiocxb  B3anMOAeHCXBH5i 
BemecTBa  c  noBcpxHocxbio. 
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Ellipsometric  analysis  of  irradiated  copper  mirrors 


B.V.Grigorenko,  R.S.Mikhalchenko  and  V.S.Voitsenia* 

Institute  for  Low  Temperature  Physics  and  Engineering,  National  Academy  of 
Sciences  of  Ukraine,  47  Lenin  Ave.,  310164  Kharkov,  Ukraine 


*Kharkov  Physico-Technical  Institute, 

1  Akademicheskaya  St.,  310108  Kharkov,  Ukraine 


To  analyze  irradiated  mirror  surfaces,  the  ellipsometric  method  is  used  as  the  reflecting  surto 
model  a  homogeneous  absorbing  film  on  a  homogeneous  absorbing  substrate  was  ii^ed.  The  pnncip 
ellipsometric  equation  was  solved  numerically.  The  optical  constants  of  the  subsUate  and^the  film  the 
film  thickness, Ihe  reflectance  and  absorptivity  of  the  mirrors  as  functions  of  Cu  and  Ar  P^®^ation 
into  copper  were  calculated.  It  is  shown  that  the  method  can  be  used  to  study  surface  ^‘^ghness  prior 
and  subsequent  to  irradiation.  Irradiation  of  copper  mirror  surfaces  with  the  Cu  ions  MeV  or  A 
ions  of  4  keV  increases  their  reflectivity,  the  high  reflectivity  properties  are  retained  for  several  months. 


TIjw  auajiiay  onpoMiHeHoi  noBepxui  sacrocoByBajin  enincoMerpHHHHH  Merofl,  3a  MOfleJib  Bifl6HBa- 
lOHoi  noBepxHi  BUKopucroByBajiH  oflHopiflHy  norjinnaioHy  nnisKy  ua  oflHopwmH 
niflKJiaaui.  OcHOBHe  pIbhhhhb  ejiincoMexpu  po3B’5i3yBaJiH  uHceiibHHM  MeroflOM.  B  Pe3y™, 
poapaxyHKy  auaxoflUJiH  onxHHHi  noKasHHKH  niflKJiaflKH  i  hjiibkh,  xoBiuHHy  hjiibkh,  KoeiiiimeH 
BiflfiliBaHHfl  B  aajiexcHocxi  Bifl  rJiHfiHHH  npoHHKaHHH  ioHiB  Cu+  xa  Ar  b  Miflb.  B  po6oxi 
MoiKJiHBicTb  saCTOcyBaHHfl  Merofly  am  flocjii;i)KeHHS!  mopcxKocxi  noBepxm  ,ao  i  nicjia  onpoMiHeun^ 
SnSlHeuHB  MiflHHX  ;i3epKa:,  ionaMU  Cu^  3  eneprieio  3  MeB  a6o  Ar^  3  eueprieto  4  xeB  npHSB^uxb 
ao^36iJibUjeHHfl  KoecliiuieHxy  BiflfiHBaHHa,  npuHOMy  bhcoki  BwfiHBaiOMi  BnacxHBOCxi  36epiraioxb 
npOXHXOM  KijIbKOX  MicsmiB. 


1.  Introduction 

Polished  copper  mirrors  noted  for  their  low 
emissivity  factor  and  high  thermal  conductivity  are 
widely  used  in  cryogenic  engineering.  But  copper  is 
characterized  by  a  disadvantage,  viz.  fast  oxidation 
in  air.  For  instance,  at  35  "C  and  the  relative  hu¬ 
midity  of  45  %,  the  emissivity  factor  of  copper  in¬ 
creases  by  22  %  (from  0.013  to  0.0167)  in  50  h.  The 
importance  of  improvement  of  the  metal  corrosion 
resistance  is  obvious.  The  protective  SiO  coating 
commonly  apphed  to  reflective  copper  surfaces  pro¬ 
tects  them  against  oxidation  but  it  increases  their 
emissivity  factor  by  40  %. 

2.  Problem 

Let  us  consider  another  method  of  corrosion 
abatement.  Extensive  studies  of  the  tokamak- 
based  thermonuclear  fusion  reactor  (TFR)  (IN- 


TOR,  ITER  projects)  have  been  performed  in  re¬ 
cent  years.  To  assure  a  reliable  TFR  operation,  a 
continuous  monitoring  of  a  number  of  the  high- 
temperature  plasma  parameters  is  required.  The 
monitoring  devices  include  mainly  the  viewing 
metalhc  mirrors  placed  in  the  immediate  vicinity 
of  plasma.Their  surfaces  are  thus  exposed  to 
penetrating  radiation  (neutrons  and  y-quanta),  to 
neutral  charge  exchange  atom  bombardment  and 
to  electromagnetic  radiation  in  a  wide  range  of 
energies.  This  irradiation  degrades  the  mirror 
quality. 

The  mirror-aided  diagnostics  of  plasma  uses 
electromagnetic  waves  ranging  from  ultraviolet  to 
near  IR  wavelengths.  The  requirements  to  the 
mirror  surface  quality  are  most  stringent  in  the 
short-wave  region  of  spectrum  where  even  slight 
changes  in  the  surface  topography  (e.g.,  the  ap¬ 
pearance  of  a  microrehef  20  nm  =  1/10  X  deep) 
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would  sharply  affect  the  performance  charac¬ 
teristics  of  the  mirrors.  It  seems  that  the  problem 
can  be  solved  through  simulating  the  penetrating 
radiation  by  metal  ions.  The  irradiation  of  stain¬ 
less  steel  mirrors  caused  radiation  damage  (RD) 
of  the  surface  which  could  be  seen  quite  clearly  in 
the  reflected  light.  The  mirror  reflectivity  was  ob¬ 
served  to  decline  and  this  degradation  increased 
with  the  radiation  dose  [1].  However,  contrary  to 
these  results,  irradiation  of  copper  mirrors  made 
their  reflectivity  increase  [2]. 

The  are  twp  promising  strategies  of  using  ion 
implantation  to  abate  corrosion: 

i)  to  use  the  implantation  as  a  tool  for  intro¬ 
ducing  a  certain  component  into  the  surface  lay¬ 
ers  of  the  metal  to  improve  its  corrosion 
resistance; 

ii)  to  employ  ion  irradiation  for  studying  and 
better  understanding  the  corrosion  mechanisms. 

Thus,  the  application  of  ion  implantation  to 
study  oxidation  is  of  great  practical  and  scientific 
value.  The  mechanism  of  variations  of  the  corro¬ 
sion  resistance  of  metals  due  to  ion  introduction 
is  not  clear  yet.  At  present,  there  is  no  general 
agreement  regarding  the  reason  why  ion  bom¬ 
bardment  slows  down  metal  oxidation. 

3.  Technique  and  equipment 

Along  with  EPR,  electron  microscopy.  Auger 
electron  spectroscopy,  the  method  of  ellipsometry 
can  effectively  be  used  to  study  the  properties  of 
materials  with  ion-implanted  layers  because  the 
physico-chemical  state  of  the  surface  layer  in  me¬ 
tallic  mirrors  influences  essentially  the  polariza¬ 
tion  characteristics  of  the  light  reflected  from 
them. 

In  this  communication  we  report  the  results  of 
the  ellipsometric  analysis  of  the  effect  produced 
by  neutrons  on  the  reflective  properties  of  oxy¬ 
gen-free  pure  copper  mirrors  in  the  visible  part  of 
the  spectrum.  Neutron  irradiation  was  simulated 
using  Cu'*'  bombardment  of  copper  mirror  sur¬ 
faces. 

The  influence  of  charge  exchange  atom  flow 
was  imitated  using  Ar-"  ions.  The  Cu'^  and  Ar' 
irradiation  was  perfonned  by  means  of  an  elec¬ 
trostatic  ion  accelerator. 

The  quantitative  characterization  of  radiation 
damage  can  be  judged  from  the  displacements  per 
atom  (DPA).  In  the  above  simulation  experiment, 
about  50  %  radiation  damage  occurred  under  the 
conditions  identical  to  those  of  the  neutron  dam¬ 
age  with  neutron  energies  of  14  MeV  incident  on 
the  first  wall. 


Fig.l.  Model  of  the  reflecting  copper  mirror  surface 
with  the  ion-implanted  layer. 

Mechanically  polished  copper  mirrors  were  ir¬ 
radiated  by  Cu'*'  ions  at  3  MeV,  dose  level  up  to 
iC'^ion/cm^  to  attain  20  DPA  profile.  The  sam¬ 
ples  were  etched  by  4  keV  Ar+  ions.  The  resulting 
depths  of  the  etched  layers  were  measured  to  be 
0.1,  0.2,  0.5,  0.75  and  1  p.m.  For  removing  the 
non-metallic  impurities  from  the  samples,  they 
were  exposed  to  a  chemical  treatment  by  H+  ions 
and  H°  atoms,  and  the  ellipsometric  data  were 
reeorded  every  24  hours. 

The  phase  shift  A  and  the  azimuth  of  recov¬ 
ered  linear  polarization  vg  have  been  measured 
using  a  laser  photoelectric  ellipsometer  LEF-3M 
in  the  polarizer-compensator-sample-analyzer 
(PCSA)  configuration  at  632.8  nm  wavelength. 
The  rotation  angles  of  the  polarizer,  compensator 
and  analyzer  as  well  as  the  angle  of  light  incidence 
on  the  sample  were  measured  to  within  1'  and  the 
scatter  in  the  polarization  angle  values  wasSD  = 
-5',  5vg  =  -1',  respeetively.  In  our  calculations,  the 
values  of  A  and  vg  have  been  averaged  over  two 
conjugate  zones. 

At  the  wavelength  of  the  laser  X  =  632.8  nm, 
the,  electromagnetic  radiation  extended  into  the 
surface  of  the  copper  mirror  to  a  depth  d-  l/k  = 

=  XIAr.k  -  16.9  nm  (where  k  is  the  natural  absorp¬ 
tion  coefficient)  and,  hence,  the  absorptive  near- 
to-surface  layer  and  the  absorptive  substrate 
could  be  considered  as  being  uniform  (Fig.  1).  The 
complex  index  of  refraction  has  been  calculated 
for  both  the  film  and  the  substrate,  and  from  the 
values  obtained,  the  reflection  coefficient  R  for 
the  normal  incidence  has  been  determined. 

4.  Results  and  discussion 

The  results  of  calculation  are  shown  in  Fig. 2. 

It  can  be  seen  from  this  figure  that  the  reflectivity 
of  the  sample  after  the  Cu+  ion  implantation 
shows  an  increase  of  5.5  %  as  compared  to  the 
sample  before  irradiation  and  increases  further  in 
depth  under  the  copper  mirror  surface.  The  Cu'*' 
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R,% 


Fig. 2.  The  reflection  coefficient  versus  the  depth  to 
which  the  Cu'*^  and  Ar"*"  ions  penetrated  into  the  cop¬ 
per  mirror.  The  arrow  indicates  the  reflection  of  the 
unirradiated  sample. 

ion  bombardment  will  cause  the  main  absorption 
coefficient  of  the  oxide  film  CuO  to  decrease.  The 
irradiated  surface  has  been  observed  to  remain 
bright  during  several  months  unlike  the  control 
sample  which  grows  dim  at  once. 


Table.  Influence  of  the  ion  implantation  on  optical 
properties  of  copper  mirrors 


Optical 

parameters 

Without 

implantation 

- 1 

With  implan¬ 
tation  Cu^ 

Complex  index  of  copper 
refraction,  N 

0.525-12.987 

0.267-1-3.898 

Coefficient  of  reflection, 
R,% 

85.5 

91.0 

Natural  absorption 
coefficient,  K,  p"’ 

59 

77 

Depth  of  the  irradiated 
zone  of  copper  sample, 
d,  nm 

16.9 

12.9 

Optical  conductivity, 
G,s-' 

7.5  •  10'^ 

4.9  .  lO'^' 

The  ellipsometric  data  obtained  for  the  copper 
mirrors  with  the  Cu'*'  ions  implantation  at  a  depth 
of  1  pm  are  tabulated  in  the  Table  below. 

It  is  obvious  that  the  ion-radiation  damage 
caused  significant  changes  in  Cu  lattice  which,  in 
turn,  tend  to  increase  the  natural  absorption  coef¬ 
ficient  (by  30.5  %)  and  to  decrease  the  depth  of 
the  irradiated  zone  thus  resulting  in  an  increasing 
coefficient  of  reflection  for  the  irradiated  copper 
mirrori. 

The  surface  roughness  can  also  influence  the 
reflection  coefficient.  The  surface  becomes  more 
smooth  after  irradiation  as  demonstrated  by  a 
twofold  reduction  in  the  real  part  of  the  complex 


cos  A 


Fig. 3.  Cos  A  as  a  function  of  (p:  I  -  before  the  irradia¬ 
tion;  2  -  after  Cu"*"  and  Ar"*"  ions  implantation. 

index  of  refraction  and  an  increase  in  its  imagi¬ 
nary  component  as  well  as  by  a  decrease  of  the 
optical  conductivity  in  this  region  of  spectrum  in 
contrast  to  polished  Ni,  Pb,  Sn  samples.  So,  one 
can  conclude  that  a  decrease  in  the  surface  irregu¬ 
larities  causes  the  coefficient  of  reflection  to  in¬ 
crease. 

The  correctness  of  the  calculations  performed 
was  confirmed  by  the  results  of  the  ellipsometric 
angles  (A  and  T)  measurement  which  are  shown 
in  Fig.3.  From  tWs  figure,  it  can  be  seen  that  with 
increasing  angle  of  light  incidence  on  the  sample 
the  curve  is  shifted  to  the  region  of  greater  angles. 
This  fact  can  be  explained  as  follows:  the  ion 
bombardment  of  the  sample  tends  to  smooth  out 
the  surface  and,  as  a  result,  the  incidence  angle  (p 
will  increase. 

5.  Conclusions 

Scanning  tunneling  microscopy  of  the  samples 
after  irradiation  has  detected  a  change  in  the  sur¬ 
face  microrelief  as  compared  to  unetched  sam¬ 
ples.  The  decreased  number  of  the  small-scale 

O 

structure  areas  of  size  300  A  and  appearance  of 
the  relatively  large  smooth  areas  of  linear  sizes 

5000  A  has  confirmed  the  validity  of  the  ellip¬ 
sometric  analysis  carried  out.  Irradiation  of  the 
copper  mirrors  with  3  MeV  Cu'*'  ions  at  the  dose 
level  10'^  ion/cm^  or  with  4  keV  Ar"  causes  the 
reflection  coefficient  to  increase,  and  the  mirrors 
so  treated  keep  the  improved  reflectivity  for  sev¬ 
eral  months. 
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3jiJiHncoivieTpMHecKiiM  iviero;!  anajiHsa 
o6jiyHeHHbix  Me;iHbix  sepKaji 

B.B.rpHropeHKO,  P.C.MHxajibneHKO,  B.C.BoHueHa 

/Ijis  aHEJiHsa  o6jiyHeHHbix  noeepxHOcreH  npHMCHaJiH  sJuiHncoMerpHHecKHH  Mcrofl.  B  KanecTBe 
Moae.iH  OTpa>KaioiueH  noBepXHOcxH  HcnojibSOBajiH  oaHopo^HyK)  norBomaroiuyio  nJicHKy  Ha 
o^jHopoflHOH  norjioinaioiHeH  nofljiojKxe.  Ochobhoc  ypaBHCHHC  sjuiHncoMerpHH  pemajiH  HHCJieHHbiM 
MexoflOM.  B  pesyjibxaxe  pacnexa  HaxoflHJiH  onxHH  cckhc  noKasaxejiH  noflJio)KKH  h  hjichkh,  xoJiiHHHy 
njieHKH,  Koe(jKj)HUHeHXbi  oxpa)KeHHSi  h  norjioujeHHJi  xepKaji  b  saBHCHMOcxH  ox  rJiy6HHbi  npoHHKHOBeHHJi 
HOHOB  Cu"*"  H  Ar"^  B  MCflb.  IloKaBaHa  BosMoxcHocxb  npHMeHCHHfl  Mexofla  ana  HcxjaeaoBaHHa  uiepoxoBa- 
xocxH  nofiepXHOCXH  ao  h  nocjie  oGuyncHHa.  06jiy4eHHe  MeaHbix  sepKaji  HOHaMH  Cu'*'  c  aHepraeft  3  MbB 
HJiH  Ar"*"  c  3HeprHeH  4  ksB  npHBoanx  k  yBejiHHCHHio  K03c})(})HUHeHxa  oxpa)KeHHa,  npn  sxom  BbicoKHe 
oxpaxcaxejibHbie  cBOHCXBa  coxpaHaioxca  b  xeneHMe  HecKOJibKHx  MecaucB. 
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Electropolishing  influence  on  the  optical  properties 
of  amorphous  metal  strips 
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Electropolishing  influence  on  the  structure  and  optical  properties  of  the  skin-layers  of  the  amor¬ 
phous  metallic  alloys  FeggNijoBjo  and  Ni78Si8Bi4  have  been  studied.  It  was  found  that  electro  polish¬ 
ing  does  not  remove  existent  structural  anisotropy  and  does  not  result  in  the  specimen  surface 
enrichment  by  one  of  the  components. 

BHBHeHO  BnjiHB  e.neKTpo.iiiTHHHoi  nojiipoBXH  na  axoMHy  crpyKxypy  xa  onxHHHi  BJiacxHBocii 
npunoBepxHeBHx  npomapKia  aMop4)HHx  MexaJiesHx  cnjiasiB  FegoNi2QB2o  Ta  Ni78SigB^4.  noKaaano, 
mo  eneKxpo.iiixHHHa  noJiipoBKa  ne  sniMae  icnyioHoi  cxpyKxypHoi  aniscxponii  i  ne  npuaBoauxb  flo 
sbaraneHHH  noBepxni  apasKa  oflHieio  is  KOMnonenx. 


The  detailed  information  about  the  electronic 
and  atomic  structure  of  amorphous  materials  is 
necessary  for  their  use  in  the  creation  of  techno¬ 
logically  new  instruments.  Taking  into  account 
the  miniaturization  of  those  instruments,  the  de¬ 
pendence  of  the  material  properties  on  the  speci¬ 
men  thickness  is  of  importance.  Some  of  these 
properties  were  determined  by  X-ray  and  Auger 
methods  [2].  To  more  detailed  study  of  the  atomic 
and  electronic  structure,  amorphous  alloys  must 
be  investigated  by  optical  methods  which  will  al¬ 
low  to  elucidate  some  new  features  of  their  elec¬ 
tronic  properties,  especially  in  the  spectral  range 
adjacent  to  Fermi  level. 

Thus,  the  aim  of  this  work  is  to  study,  using 
reflectometry  near  to  the  normal  incidence  angle, 
spectroellipsometry,  and  Fourier  spectroscopy, 
the  structural  and  electronic  features  of  amor¬ 
phous  alloys  FegoNi2oB2o  Ni7gSigB^4  made 
into  strips,  in  the  sounding  photons  energy  ranges 

tld)  =  0.056-0.01  eV  and  0.5-3. 7  eV;  as  well  as  to 
clarify  the  influence  of  the  electropolishing  on  the 
optical  absorption  and  reflection  spectra  for  both 
surfaces  of  the  strip.  The  reflection  spectra  of  al¬ 
loys  in  the  far  IR  range  were  obtained  using 
Fourier  specrometer  LAFS-1000  having  resolu¬ 
tion  0.1-0.05  cm“'.  The  experiments  were  per¬ 
formed  in  the  spectral  range  80-450cm''.  The 
relative  refleetion  factor  =  R/Rf^\,  where 


is  the  reflection  coefficient  for  aluminium,  and 
optical  constants,  n  (refraction  index)  and  k  (ab¬ 
sorption  coefficient)  were  determined,  and  the 
frequency  spectrum  of  the  optical  conductivity 

was  calculated  using  formula  crfTioi)  =  nkoi/27i. 
The  determination  error  for  the  optical  constants 
n  and  k  in  the  visible  range  was  1  to  3%,  while  in 
the  IR  region,  does  not  exceed  5-6%. 

The  structural  anisotropy  of  the  skin  layer  of 
amorphous  alloys  was  studied  using  the  normal 
incidence  reflectometer.  In  that  instrument,  the 
light  beam  from  a  source  is  reflected  from  the 
strip  surface  and,  being  passed  through  a  Polar¬ 
oid  in  the  direction  opposite  to  that  of  incident 
beam,  comes  to  a  photoreceiver  whose  photo  cur¬ 
rent  is  recorded  by  a  micro ampermeter.  The  scat¬ 
tering  indicatrices  over  the  polarization  azimuth 
(SIPA)  are  the  results  of  those  measurements  [3]. 

Some  information  about  the  surface  anisot¬ 
ropy  of  the  alloys  being  investigated  was  obtained 
also  using  angular  ellipsometric  measurements, 
by  which,  the  ellipsometrie  parameters  cosA  and 
tgvj;  for  the  amorphous  alloys  were  determined 
(where  A  is  the  phase  shift  between  the  polariza¬ 
tion  vector  orthogonal  components;  \g,  the  azi¬ 
muth  of  the  restored  linear  polarization).  The 
strip  longitudinal  axis  was  oriented  in  two  mutu¬ 
ally  perpendicular  directions,  one  of  the  which 
was  coincident  with  the  incidence  plane  of  the 
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Fig.  1 .  Specrtal  dependences  of  the  optical  conductiv¬ 
ity  for  initial  (1,4)  and  electropolished  (2,3)  speci¬ 
mens  of  the  amorphous  FegoNi2QB2o  alloy  strip 
measured  on  the  incontact  (1,3)  and  contact  (2,4) 
strip  sides.  The  curve  4  is  deplaced  down  by 

O.S-lO'^s-'. 

light  beam.  Both  strip  surface  were  studied:  in¬ 
contact  (IS)  which  is  formed  freely  in  course  of 
the  strip  preparation  by  the  melt  spinning,  and 
contact  (CS)  having  contact  with  the  cooled  disc. 
On  the  basis  of  the  dependences  obtained  for 
cosA  and  tg\)/  vs  angle  of  incidence,  tp,  the  optical 
polarisation  characteristics  of  the  strip  were  de¬ 
termined  for  two  orientations  of  its  longitudinal 
axis  (parallel,  (po||,  and  perpendicular,  cpgj^,  rela¬ 
tively  to  p-plane).  In  our  experiments,  after  the 
system  was  readjusted,  the  (pQj|  and  cpQj^  scatter 
about  the  average  value  obtained  from  a  series  of 
measurements  did  not  exceed  0.2-0. 3%. 

Consideration  of  these  measurements  results 
did  allow  to  establish  that  the  maximum  tgvp 
value  in  the  minimum  point  of  the  curve  corre¬ 
sponds  to  minimum  roughness.  Both  specimens 
are  anisotropic  on  the  contact  surface  as  well  as 
on  incontact  one,  the  anisotropy  parameter 
Acpo  =  Toil  ^  To_l  incidence  angle  and 

also  the  ratio  of  extremal  SIPA  axes  being  greater 
for  the  incontact  surface:  both  for  CS  and  IS,  the 
SIPA  has  an  oval  shape,  but,  for  IS,  that  oval  is 
of  more  elongated  form,  and  the  difference  be¬ 
tween  main  angles  (pQ||  and  cpQj^  values  for  CS  is 
less  than  for  IS.  Such  a  structural  anisotropy  is 
perhaps  due  to  the  uneven  melt  Bowing  at  its  so¬ 
lidification  on  a  moving  disc. 

Using  the  reflectometry,  the  surface  roughess 
level  of  strips  has  been  also  studied.  For  initial 
specimens  of  the  FegoNi2oB2o  Ni78^i8®l4 
loys,  the  roughness  parameters  are  higher  than 
for  polished  ones.  This  fact  reflects  itself  in  that 
the  difference  values  of  the  reflection  coefficients 
for  both  surfaces,  are  less  for  electropolished 
specimens  than  for  unpolished  ones. 


0  0.8  1.6  2.4  3  TiO.eV 


Fig. 2.  Spectral  dependences  of  the  optical  conductiv¬ 
ity  and  real  component  of  dielectric  constant  for  in¬ 
itial  (1,4, 5, 6)  and  electropolished  (2,3)  specimens  of 
the  amorphous  NiygSigB.,^  alloy  strip  measured  on 
the  in  contact  (1,2,5)  and  contact  (3,4,6)  strip  sides. 

The  dispersion  dependences  for  Fe-Ni-B  and 
Ni-Si-B  alloys  have  been  obtained;  they  are  pre¬ 
sented  on  Figs.l  and  2,  respectively.  The  Fig.l 
shows  that  the  optical  conductivity  curves  for  the 
FegoNi2oB2o  alloy  contain  a  weak  absorption 
curve  in  the  1.2-1. 5  eV  range.  That  band  is  per¬ 
haps  due  to  electron  transitions  to  the  Fermi  level 
from  states  lying  within  an  accumulation  of  the 
energetic  spectrum  of  the  electron  states  density 
formed  near  iron  rf-zone  bottom  by  hybridization 
of  metalloid  p-states  with  Fe  and  Ni  (/-states;  and 
also  to  transitions  from  Fermi  level  to  energeti¬ 
cally  higher  ones  corresponding  to  hybridized  Ip- 
states  of  the  metalloid  and  ^-states  of  the  both 
metals. 

The  appearance  of  real  dielectric  permeabihty 

e,(Sffl)  and  optical  conductivity  a(^©)  curves  for 
the  Ni-Si-B  alloy  in  the  IR  range  (Fig.2)  reveals  a 
typical  «metallic»  behaviour  of  those  charac¬ 
teristics,  what  is  evidence  of  prevailing  contribu¬ 
tion  of  free  charge  carriers  to  the  absorption, 
according  to  Drude-Zener  theory. 

Considering  the  c7(/!(o)  dependences  presented 
on  Figs.  1  and  2,  one  can  easily  conclude  that  the 
spectral  shape  remains  unchanged  no  matter  on 
contact  or  incontact  side  the  spectrum  was  meas¬ 
ured.  This  is  explained  by  the  approximately  uni¬ 
form  alloy  component  distribution  on  both  strip 
sides,  thus,  the  behaviour  of  a  reflected  light 
beam  should  be  essentially  the  same  in  both  cases. 
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So,  from  the  spectral  viewpoint,  the  difference  be¬ 
tween  the  CS  and  IS  of  a  strip  is  smoothed  out  [1]. 

As  for  the  electropolishing  influence  on  dis- 
persional  relationships,  it  should  be  expected  that 
it  will  result  in  the  enrichment  of  the  alloy  surface 
by  at  least  one  of  the  alloy  components.  That 
would  change  the  shape  of  optical  conductivity 

spectra  According  to  experimental  results, 

however,  the  spectrum  shape  remains  unchanged. 
This  means  that,  up  to  the  depth  of  the  layer 
being  removed  during  electropolishing  (order  of 
2.5  pm),  no  fluctuations  of  components  concen¬ 
trations  take  place  in  the  amorphous  alloy.  This 
suggestion  is  confirmed  by  the  Auger  analysis 
date  [2]. 

For  all  the  specimens  being  investigated,  the 
reflection  spectra  show  a  characteristic  Drude- 
like  feature:  values  of  the  surface  relative  reflec¬ 
tion  coefficient  increase  when  the  sounding 
photons  energy  drops.  That  increase  is  more 
sharp  for  the  contact  side  both  before  and  after 
strip  polishing.  Thus,  the  increased  roughness  on 
CS  results  in  the  increased  energy  losses  at  short 
wavelengths. 

In  studies  of  atomic  structure  features,  the  dy¬ 
namic  characteristics  of  conductivity  electrons 
were  evaluated,  especially,  the  relaxation  fre¬ 


quency  for  the  initial  amor|ihous  Ni7gSi0Bi4  al¬ 
loy  (for  both  sides).  This  frequency,  y,  as  deter¬ 
mined  by  linear  approximation  of  the  function 
/(X,)  83/(1 =  equal,  for  CS, 

2.21  10'^  s"',  while  for  IS,  0.76-10'^  s“’.  The  deter¬ 
mination  error  for  those  values  did  not  exceed  10 
per  cent.  Thus,  the  CS  is  characterized  by  a  higher  y 
value,  what  is  confirmed  by  the  data  ol  [3]  related  to 
the  surface  finish  on  the  CS  as  compared  to  that  of 
IS.  Conclusively,  the  atomic  structure  of  contact 
and  incontact  sides  of  an  amorphous  alloy  strip  is 
anisotropic,  and  the  optical  parameter  of  the  an¬ 
isotropy,  Aq)o  “  Vo|l  “  ^oj.  higher  for  the  incontact 
side.  The  electropolishing  does  not  remove  that  an¬ 
isotropy  and  does  not  result  in  the  specimen  surface 
enrichment  by  any  of  alloy  components.  The 
components  concentrations  on  both  sides  are  es¬ 
sentially  the  same. 
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The  effect  of  electron  beam  and  ®°Co  Y-irradiation  on  the  properties  of  some  metal  (Au,  Cr,  Mo,  Pt, 
Sn,  Ti,  W)  —  GaAs  Schottky  contacts  was  investigated.  Electrophysical  characteristics,  such  as  barrier 
hight  (pg,  ideality  parameter  «,  minority  carriers  effective  lifetime  x  and  reverse  cuirent  7^,  were 
measured  as  functions  of  the  adsorbed  dose.  It  was  shown  that  both  beam  treatments  may  consider¬ 
ably  improve  these  characteristics.  Interdiffusion  in  contacts  and  charge  in  sample  deformation  under 
Y-irradiation  were  studied  also. 

,ZIociiia>KeHo  BnnHB  eneKTpoHHo-npoMeneBoro  ra  ®°Co  Y-onpoMimoBaHHJi  na  BnacTHBOcri  KOUTaicriB 
UIoTTKi  Meran  (Au,  Cr,  Mo,  Pt,  Sn,  Ti,  W)  —  GaAs.  OrpuMano  ,no30Bi  sajiejKHocri  xaKHX  eneiopo- 
cJjisHHHHX  xapaKTepHCTHK  HK  BHcoTa  Sap’opy  q)^,  napaMexp  iaeajibHocxi  n,  efJieKXHBHHii  uac  *hxx3 
ueocHOBHHX  HociiB  x^  xa  sBopoxHHH  cxpyM  7^.  noKaaaHO,  mo  o6iima  xunn  o6po6Kii  MO)Kyxb  cnpimuHsixH 
icxoxHe  noKpaujeHHa  uux  xapaKxepncxuK.  ZlocJiiii)KeHO  xaKO)K  BsaeMoancJiysiK)  y  KouxaKxax  i  SMiny 
fle4)opMauii  spasKiB  npu  y-onpoMiHioBaHHi. 

Introduction 

The  active  elements  with  Schottky  barriers, 
such  as  microwave  Schottky  diodes,  a  wide  range 
of  Schottky-barrier  gate  field-effect  transistors 
and  many  others,  form  the  basis  for  the  GaAs 
microelectronics  [1].  That  is  why  studying  the 
properties  of  Schottky  barrier  structures  is  of  im¬ 
portance  not  only  for  the  pure  science  but  also  for 
numerous  technical  applications.  The  principal 
parameters  of  these  structures  (barrier  hight 
ideality  parameter  n,  avalanche  breakdown  volt¬ 
age  fg, minority  carriers  effective  lifetime  x^,  re¬ 
verse  current  Ip)  may  be  changed  by  various 
treatments,  including  the  beam  ones. 

It  IS  well  known  that  ionizing  radiation  is  a 
universal  tool  to  modify  physico-chemical  state  of 
matter.  In  spatially  nonuniform  metal  -  semicon¬ 


ductor  structures,  the  processes  of  interaction 
with  ionizing  radiation  occur  more  actively  near 
the  interfaces.  Reconstruction  and  annihilation  of 
structural  defects,  mass  transport  and  chemical 
reactions  in  heterostructures  can  be  regulated  by 
varying  type  of  radiation,  particle  energy  and  ad¬ 
sorbed  dose.  By  this  way,  one  can  shape  inter¬ 
faces  having  specific  composition  and  structure 
and,  consequently,  having  fixed  electrophysical 
parameters  of  the  interphase  boundaries. 

Subject  of  research  and 
experimental  procedures 

The  Me — GaAs  heterostructures  (metal 
Me  =  Au,  Cr,  Mo,  Pt,  Sn,  Ti,  W)  were  prepared  in 
vacuum  (pressure  not  higher  than  10^^  Pa)  bv 
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Fig.l .  Barrier  height  cp^  (dashed  lines)  and  ideality  parameter  n  (full  lines)  as  functions  of  absorbed  electron  beam 
(a)  and  y-irradiation  (A)  dose. 


sputtering  the  electron-beam  evaporated  metal 
onto  the  (100)  surface  of  n-GaAs  films  (the  ma¬ 
jority  varriers  concentration  n  =  lO'^-lO’^  cm"^). 
The  films  were  grown  by  vapor-phase  epitaxy  on 
a  highly-doped  «-GaAs  substrate  (n=10'*  cm"^). 
Their  surface  was  chemically  cleaned  by  etching 
during  3  min  in  50  %  solution  of  hydrochloric 
acid.  The  thickness  values  of  the  sputtered  poly¬ 
crystalline  metal  layers  varied  from  100  (for  the 
Cr — GaAs  contact)  to  200  nm  (for  the  Pt — GaAs 
contact). 

The  hetero structures  obtained  were  exposed 
to  electron  beam  (energy  E  -  2.2  MeV,  dose 
range  10*'  to  10'^  electron/cm^)  or  to  ®°Co 
y-irradiation  (dose  range  10^  to  10^  Gy,  dose  rate 
3  Gy/s).  Electrophysical  parameters  of  both  the 
Me — GaAs  interfaces  and  GaAs  near-the-bound- 
ary  regjtons  were  studied  by  taking  I—V  and  C—V 
curves  and  also  by  measuring  short-circuit  pho¬ 
tocurrent  at  different  reverse  biases  and  electron 
beam  induced  currents,  thus  enabhng  to  estimate 
the  lifetime  for  non-equilibrium  photocarriers 
[2-4].  Structural  and  morphological  investiga¬ 


tions  were  carried  out  using  transmission  electron 
microscopy,  while  both  X-ray  photoelectron 
(XPS)  and  Auger  electron  (AES)  spectroscopies 
were  used  to  analyse  elemental  and  phase  compo¬ 
sition  [5],  Internal  static  deformations  were  stud¬ 
ied  by  X-ray  diffraction;  they  were  calculated 
from  the  structure  curvatures,  i.e.  from  angular 
shifts  of  the  diffraction  reflection  peaks  after 
translating  the  samples  over  the  known  distances 
[6.7]. 

Experimental  results  and  discussion 

The  barrier  height  cp^  and  the  ideality  factor  n 
of  the  Me — GaAs  Schottky  contacts  are  given  as 
functions  of  absorbed  irradiation  dose  in  Fig.l. 
The  minority  carriers  effective  lifetime  x  versus 
absorbed  dose  curves  are  shown  in  Fig. 2.  While 
all  these  parameters  change  non-monotonously 
with  the  absorbed  dose,  the  x^  changes  are  far 
beyond  those  of  both  cpg  and  B.  (The  reverse  cur¬ 
rent  1^,  being  inversely  proportional  to  x  ,  also 
changes  drastically  with  the  absorbed  dose.)  Since 
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Xp,  s 


Fig.  2.  Minority  carriers  effective  lifetime  as  a  function  of  absorbed  electron  beam  (a)  and  y-irradiation  (A)  dose. 


these  parameters  are  linked  with  the  physico¬ 
chemical  structure  of  the  interphase  boundaries, 
one  may  suppose  that  radiation  processing  has 
changed  structure  of  the  interface,  or  its  phase 
composition,  or  both  of  them. 

The  energy  needed  for  irreversible  displace¬ 
ment  of  an  atom  from  Ga(As)  sublattice  is 
8. 8-9.0  eV  (9.4-10.1  eV);  this  value  corresponds 
to  the  threshold  electron  energy  228  keV 
(273  keV)  [8].  So,  intense  defect  creation  in  GaAs 
results  from  electron  beam  as  well  as  from 
Y-irradiation  (in  the  last  case  due  to  Compton 
electrons),  the  two  types  of  processing  thus  being 
adequate  to  some  extent.  In  a  thin  subsurface 
layer  of  GaAs,  chemical  bonding  is  somewhat 
weakened  due  to  metal  atoms  penetration  into 
the  host  lattice.  This  makes  radiation  defects 
creation  much  more  intense  that  in  semiconduc¬ 
tor  bulk.  Optimum  doses  of  irradiation  lead  to 
both  predominance  of  structural  defects  annihila¬ 
tion  and  formation  of  electrically  inactive  com¬ 
plexes  in  the  GaAs  near-contact  layer.  For 
Me — GaAs  heterostructures,  this  results  in  de¬ 
creasing  reverse  current  7^  and  increasing  minor¬ 
ity  carriers  effective  lifetime  ip.  And  v.v., 
accumulation  of  radiation  defects  in  the  subsur¬ 
face  layer  of  a  semiconductor  increases  reverse 
current. 

The  y-irradiation  led  to  components  redistribu¬ 
tion  in  the  transition  layers  of  the  Me — GaAs  het- 


Table  I .  Transition  layer  width  (nm)  for  some  Schot- 
tky  contacts  before  and  after  y-irradiation. 


Component 

Before 

y-irradiation 

Absorbed  dose,  Gy 

105 

10® 

Mo 

30 

39 

33 

Ga 

21 

39 

14 

As 

21 

39 

18 

Pt 

180 

115 

- 

Ga 

190 

100 

- 

As 

100 

100 

- 

Ti 

33 

41 

- 

Ga 

87 

78 

- 

As 

63 

57 

erostructures  studied.  This  follows  from  compar¬ 
ing  of  concentration  depth  profiles  taken  before 
and  after  irradiation.  The  transition  layer  width 
as  a  characteristic  feature  of  the  interface  trans¬ 
formations  in  the  Me — GaAs  contact  under 
y-irradiation  is  given  in  Table  1.  (The  transition 
layer  width,  defined  from  AES  or  XPS  spectra  of  a 
given  compotent,  was  taken,  by  convention,  as  the 
difference  between  the  depths  at  which  the  signal  of 
that  component  dropped  from  90  to  10  %  of  its 
maximum  value  inside  the  contact  region.)  The  cor- 


284 


Functional  materials,  2,  2,  1995 


J.  Breza  et  al.  /Investigation  of  metal — GaAs... 


responding  values  for  the  Cr — GaAs  heterosys¬ 
tem,  along  with  the  components  concentration 
depth  profiles,  are  given  in  [9]. 

From  these  results  one  may  conclude  that 
y-irradiation  substantially  affects  both  stoichio¬ 
metry  of  the  semiconductor  near-contact  region 
and  the  transition  layer  width.  Changes  in  the 
transition  layer  width  range  from  several  tens  of 
per  cent  (Ti— GaAs  contact)  to  about  two  times 
(Cr — GaAs,  Mo — GaAs  contacts).  Such  changes 
are  not  monotonous  with  absorbed  dose:  the  in¬ 
itial  expanding  of  the  transition  layer  gives  way  to 
its  narrowing.  It  should  be  noted  that  transition 
layer  widening  may  result  from  an  increse  in  de¬ 
fect  concentration  as  well  as  from  decrease  of  ac¬ 
tivation  energies  for  contact  components 
diffusion.  Such  a  decrease  may  be  due  either  to 
energy  transfer  from  hot  electrons  (excited  by  ra¬ 
diation)  to  the  diffusing  atoms  or  to  changing 
their  charge  after  capturing  non-equilibrium  car¬ 
riers  [7],  The  pecuharities  mentioned  are  responsi¬ 
ble  for  redistribution  of  both  atoms  and  defects  in 
the  Me — GaAs  heterostructures.  In  such  a  situ¬ 
ation,  one  could  expect  that  only  widening  of  the 
transition  layers  must  occur  under  y-irradiation. 
Such  a  concept  is  in  contradiction  with  experi¬ 
mental  facts  (non-monotonous  changes  of  transi¬ 
tion  layer  width  with  absorbed  dose,  see  Table  1). 
To  make  an  adequate  approach  to  the  problem  of 
the  spatial  distribution  of  different  components 
near  the  interface  one  must  take  into  account  also 
internal  stresses  and  electric  fields  generated  at 
contact  formation.  Then  the  following  expression 
may  be  used  for  particle  flow  density  in  the  het¬ 
erosystems  studied  [7]: 


(1) 


Here  D  is  diffusion  coefficient  (under  irradiation 
its  value  may  differ  condiderebly  from  that  for 
the  ordinary  thermal  diffusion);  N,  Cl  and  q  are, 
respectively,  concentration,  atomic  (ionic)  vol¬ 
ume  and  charge  of  diffusing  particles;  K  is  bulk 
modulus;  p  is  coefficient  of  the  host  lattice  expan¬ 
sion  due  to  penetration  of  diffusing  particles;  E  is 
electric  field  strenght;  T  is  temperature  and  kg  is 
Boltzmann  constant.  (The  x  axis  is  normal  to  the 
interface  plane.)  It  can  be  seen  from  the  expres¬ 
sion  (1)  that  (even  for  £  =  0)  the  uphill  diffusion 
(up  the  gradient  of  concentration)  may  occur  if 
P  <  0  and  the  second  term  in  (1)  prevails. 

The  assumption  that  internal  stresses  may  be 
of  considerable  importance  for  mass  transport  in 
heterostructures  is  confirmed  by  our  studies  of 
the  Me — GaAs  contacts  using  X-ray  diffraction. 
After  absorbing  sufficiently  high  y-irradiation 


Table  2.  Inverse  curvatures  and  elastic  bending  de¬ 
formations  Zg  of  the  samples  before  (left  subco¬ 
lumns)  and  after  (right  subcolumns)  y-irrradiation 
(absorbed  dose  10^  Gy). 


Heterosystem 

/?,  m 

EpX 

10^ 

Au-Ti-GaAs 

11.4 

17 

3 

2.06 

Mo-GaAs 

10,3 

00 

15 

0 

Pt-GaAs 

15.9 

25.8 

0.95 

0.58 

W-GaAs 

41.4 

00 

36 

0 

doses,  the  transition  regions  became  narrower 
and  components  concentration  depth  profiles  be¬ 
came  more  steeply  sloping  that  those  for  lower 
doses.  Both  effects  are  correlated  with  changes  in 
sample  inverse  curvature  R  and  elastic  bending 

deformation  Zg  -  see  Table  2. 

A  sufficiently  fair  account  of  structural  re¬ 
laxation  in  multilayer  systems  constitutes  a  rather 
complicated  problem  because  there  is  a  lot  of  con¬ 
tributors  of  internal  stresses  in  such  systems  [10]. 
Some  of  these  contributors  may  enhance  defor¬ 
mations  in  heterocontacts,  while  the  others  may 
act  in  the  opposite  direction. 

For  some  of  the  contacts  studied  (e.g.,  Cr — GaAs 
[9])  the  components  concentration  depth  profiles  had 
no  pronounced  peculiarities  that  could  be  connected 
with  intermetallic  phase  formation.  So  in  these  cases 
the  ordinary  equation  for  a  completed  chemical  reac¬ 
tion 

(nh  +  mq)Me  +  nqGaAs  -> 

— >  nMe^iGaq  +  qiMe^ASp 

failed  and  the  irradiation  doses  used  had  no  pro¬ 
nounced  effect  on  the  rate  of  intermetallic  phase 
formation.  In  other  cases  (e.g,  Pt — GaAs  [1 1])  the 
intermetallic  phase  formation  was  found.  The 
problem  of  chemical  reactions  in  the  Me — GaAs 
hetero structures  under  irradiation  seems  to  need 
further  investigations. 

Conclusion 

The  results  obtained  indicate  that  physico¬ 
chemical  processes  at  the  Me — GaAs  interfaces 
are  common,  to  an  extent,  for  both  cases  of  sam¬ 
ple  processing  (electron  beam  and  y-irradiation). 
One  can  substantially  improve  electrophysical  pa¬ 
rameters  of  the  Schottky  barrier  structures  by  us¬ 
ing  some  optimum  doses  of  irradiation. 
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HccjieiioBaHHe  cxpyKTyp  Me— GaAs, 
no/iBeprHyTbix  jiyneBbiM  o6pa6oTKaM 

lO.Bpeaa,  K.A.HcMaHJiOB,  P.B.KonaKOBa,  H.JlHjtaH,  B.B.MHJienHH, 
A.A.HayMOBeq,  H.B.ITpOKoneHKO,  B.A.CxaTOB,  lO.A.TxopHK 

HccjieflOBaHo  BJikmue  sjieKTpoHHO-jiyHenoro  h  ®°Co  y-orijiyHeHUH  na  CBoiicTBa  KOHTaicroB  IUottkh 
Merajui  (Au,  Cr,  Mo,  Pt,  Sn,  Ti,  W)  —  GaAs.  Hafiflenbi  floaoBbie  saBucHMOCTH  xaKHx  oneKxpo- 
(})H3HHecKHX  xapaKTepncTHK  KBK  Bbicoxa  6apbepa  (p^,  napaMexp  H/ieajibHocxH  n,  3(})(J)eKXHBHoe  npcMn 
)KH3HH  HeocHOBHbix  HocHxejioH  H  o6paxHbiH  xoK  7^.  UoKasaHO,  Hxo  o6a  xnna  o6pa6oxKH  Moryx 
npHBO^HXb  K  cyutecxBeHHOMy  yjiyumeHHK)  axHX  xapaKxepncxHK.  Hccjie^tOBanbi  xaKJKe  B3aHMoan4}(}iy3HH 
B  KOHxaKxax  H  H3MeHeHHezie())opMauHH  oripaaqoB  npn  Y-orijiyHCHHir. 
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Optical  properties  of  copper  and  aluminium  studied  with 
consideration  for  a  surface  layer  using  ordinary  and 
polariton  spectroellipsometry 


V.A.Bolottsev,  L.Yu.Melnichenko  and  I.A.Shaikevich 
T.Shevchenko  Kiev  University,  64  Vladimirskaya  St.,  252017  Kiev,  Ukraine 

Using  both  usual  and  polariton  multiangular  spectroellipsometry  the  spectroellipsometric  investiga¬ 
tions  are  carried  out  for  the  oxidic  and  ion  bombardment  surface  of  Cu  and  Al.  The  optical  constants 
of  pure  metal  and  transitional  surface  layers  are  obtained  which  allowed  to  find  some  features  ol 
electronic  structure  of  investigated  samples  as  well  as  consistence  of  surface  layer.  In  particulai ,  we 
found  experimentally  at  first  two  types  of  interband  transitions  near  the  W  and  K  points  of  Brillouin 
zone  for  Al. 

IlpoBefieHO  cneKxpoenincoMerpHMHe  flocjiiflxceHHH  is  sacrocyBaHHflM  hk  BBHHaHHoi,  xaK  i  iio.iiHpn- 
xoHHoi  fiaraxoKyxoBoi  cneKxpoejiincoMexpii  oKHCJieHHx  xa  ioHHO-fioinfiapflOBaHHX  noBepxoHh  Al  i  Cu. 
OflepxcaHO  onxHHHi  crajii  hhcxoxo  Mexajiy  xa  nepexiflHoro  noBepxHesoro  uiapy,  mo  aosbojihjio 
BHflBHXH  p5m  ocofijiHBOCxeii  ejiBKxpoHHoi'  cxpyKxypH  aocjiiflxceHHX  spasKiB,  a  xaxo*  CKJia/i  noBepx- 
HeBoro  mapy.  Bnepine  BAaJioca  eKcnepuMeHxajibHO  bhabhxh  flBa  xhuh  mIjksohhhx  nepexoais  nofijin  sy 
W  xa  K  xoHOK  30HH  BpiJiJiKieHa  fljia  Al. 

Optical  properties  of  metals  contain  a  com¬ 
prehensive  and  useful  information  on  their  elec¬ 
tron  structure,  in  particular  on  the  behaviour  of 
free  electrons,  electron  energy  zones  etc.  Making 
spectroellipsometric  measurements  one  may  ob¬ 
tain  spectral  dependences  of  optical  conduction 
and  dielectric  permeability  which  are  used  for  the 
calculation  of  the  parameters  of  free  electrons, 
energy  gap  between  electron  zones,  density  of 
electron  states,  etc.  However,  both  the  measured 
optical  constants  and  calculated  electron  parame¬ 
ters  are  distorted  to  a  significant  extent  by  the 
presence  of  a  surface  layer  on  the  metallic  mirror 
under  study.  This  layer  consists  essentially  of  an 
oxide  layer  and  compounds  adsorbed  on  the 
rough  surface  of  metal  distorted  by  polishing  and 
finishing.  Therefore,  consideration  or  removal  of 
the  surface  oxide  layer  and  adsorbed  compounds 
with  a  simultaneous  smoothing  of  the  surface 
roughness  when  measuring  optical  constants  of 
metals  increases  essentially  the  degree  of  certainty 
of  the  results  obtained  and  electron  parameters 
calculated  by  optical  constants. 

Both  consideration  of  the  effect  of  the  oxide 
layer  and  adsorbed  compounds  on  the  measured 


optical  constants  and  removal  of  this  layer  by  ion 
bombardment  were  used  in  our  experiments.  The 
latter  allowed  to  obtain  some  new  results  which 
will  be  given  below.  Optical  measurements  were 
performed  using  conventional  spectro.ellip- 
sometry  as  well  as  that  with  the  excitation  of  sur¬ 
face  polaritons  at  different  light  incidence  angles 
to  the  studied  sample.  Taking  several  incidence 
angles  gave  the  possibility  to  solve,  on  a  com¬ 
puter  with  numerical  methods  used,  the  reverse 
problem  of  ellipsometry  for  the  case  of  a  uniform 
layer  on  the  surface  of  metal  and  to  find  five  un¬ 
known  values  in  case  of  usual  ellipsometry  [1],  i.e. 
refraction  and  absorption  indices  of  metal  n  and 
X,  those  for  the  surface  layer  n,  and  X\  and  effec¬ 
tive  thickness  of  the  layer  d.  The  incidence  angles 
in  this  case  were  chosen  to  be  near  the  main  angle. 
In  the  case  of  ellipsometry  with  the  excitation  ol 
surface  polaritons,  the  Otto  method  [2]  was  util¬ 
ized.  The  incidence  angles  were  chosen  near  that 
of  maximum  polariton  excitation.  In  this  case, 
one  more  value  was  added  to  the  five  unknown 
ones  mentioned  above,  this  being  the  thickness  of 
an  air  interlayer  between  the  glass  prism  and 
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metallic  mirror.  In  both  cases,  the  measurements 
of  ellipsometric  parameters  were  made  by  Beattie 
method  using  ellipsometer  with  a  continuous 
variation  of  the  incidence  angles  [3].  The  surface 
of  the  investigated  samples  was  subjected  to  the 
bombardment  with  low  energy  ions  in  a  subnor¬ 
mal  discharge  to  remove  the  layer  of  oxide  and 
adsorbed  compounds.  The  bombardment  condi¬ 
tions  (voltage,  current  strength,  pressure  in  the 
chamber)  were  chosen  so  that  the  rate  of  the  men¬ 
tioned  layer  removal  would  exceed  that  of  its  for¬ 
mation. 

Aluminium.  It  is  known  that  the  layer  of  an 
o.xide  and  adsorbed  compounds  on  the  metal  sur¬ 
face  may  lead  to  two  effects  on  the  spectral  be¬ 
haviour  of  metal  optical  conduction.  On  the  one 
hand,  it  masks  the  fine  structure  of  the  optical 
conduction  spectrum  (blurs  small  peaks  on  it)  as 
it  was  observed  in  [4]  for  nickel,  and  on  the  other 
hand,  creates  faulse  structures  belonging  to  this 
layer  itself  as  it  was  observed  in  [5]  for  tin.  Optical 
properties  of  aluminium  have  been  well  studied  in 
a  big  number  of  papers  in  a  wide  range  of  the 
spectrum  and  are  presented  in  a  review  [6].  In  all 
without  e.xception  investigations  of  different 
authors  a  maximum  at  1.55  eV  is  observed  on  the 
spectral  curve  of  aluminium  optical  conduction 
which  is  caused  by  interzone  transitions  near  K 
and  W  points  of  Brillouin  zone  [7].  Energy  zone 
structure  for  aluminium  and  the  corresponding 
transitions  according  to  [7]  are  shown  by  arrows 
in  Fig.  1.  As  it  is  seen  from  Fig.  1  the  transitions  in 
the  neigbourhood  of  W  point  should  lie  in  a 


higher  energy  part  of  the  spectrum  than  those 
near  K  point.  The  latter  must  correspond  to  two 
separate  absorption  bands.  However,  in  all  pa¬ 
pers  dedicated  to  the  study  of  optical  properties 
of  Al,  this  band  was  observed  as  a  single  one  with 
the  maximum  at  1.55  eV  [6]. 

Taking  into  consideration  the  surface  layer  of 
the  oxide  and  adsorbed  compounds  gave  us  the 
possibility  to  discriminate  for  the  first  time  the 
bands  on  the  spectral  optical  conduction  curve; 
those  correspond  to  the  above  mentioned  inter¬ 
zone  transitions.  Shown  in  Fig. 2  are  the  spectral 
curves  of  optical  conduction  a  for  two  thick¬ 
nesses  of  the  surface  layer  d  -  5  nm  and  4  nm.  It 
should  be  noted  that  neither  mechanical  nor  ionic 
polishing  of  mirrors  removes  completely  the  tran¬ 
sitional  layer  of  the  oxide  and  adsorbed  com¬ 
pounds  as  it  follows  from  calculations  made  using 
the  experimental  data.  The  curves  1  and  2  in  Fig. 2 
correspond  to  optical  conduction  of  Al  measured 
by  the  usual  ellipsometry  for  the  oxide  layer  on 
the  sample,  4  nm  and  5  nm,  respectively,  and  3 
and  4,  for  the  same  layer  thicknesses  but  obtained 
by  the  polariton  ellipsometry.  And,  finally,  curve 
5  eorresponds  to  optical  conduction  calculated 
from  ellipsometric  measurements  performed  on 
our  sample  without  consideration  for  transitional 
layer  on  the  surface  as  it  was  done  in  the  previous 
works.  The  curves  mentioned  show  that,  with  the 
decrease  of  the  layer  thickness,  the  structure  on 
the  optical  conduction  curve  sharpens  which  is 
particularly  well  seen  at  the  polariton  spectroel- 
lipsometry',  the  latter  being  more  sensitive  to  the 
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state  of  the  surface  layer  than  the  usual  one.  On 
the  contrary,  no  structure  is  observed  on  the 
curve  5  which  is  in  agreement  with  the  results  of 
all  previous  works  by  different  authors.  Thus,  our 
experiments  corroborate  that  two  types  of  inter¬ 
zone  transitions  really  occur  in  aluminium.  A 
shorter  wavelength  band  should  correspond  to 
the  transitions  at  W  point  of  Brillouin  zone  and  a 
longer  wavelength  one  -  to  those  at  K  point.  Pre¬ 
sented  in  Fig.3  are  the  results  obtained  for  the 
dependences  of  the  refraction  and  absorption 
Xi  indices  on  the  light  wavelength  X  for  the  transi- 
tonal  surface  layer  on  Al  with  the  thickness 
4=4  nm.  The  curves  1  and  3  correspond  to  ellip- 
sometric  measurements,  2  and  4  -  to  elhpsometry 
with  surface  polaritons  excitation.  A  very  small 
value  of  the  refraction  index,  weak  dispersion  de¬ 
pendence  of  «]  and  X]  and,  finally,  absolute  value 
of  the  refraction  index  n,  give  evidence  to  the  fact 
that  the  transitional  layer  consists  mainly  of 
AI2O3  though,  due  to  the  surface  roughness,  there 
are  certainly  inclusions  of  pure  Al,  this  resulting 
in  a  somewhat  increased  absorption  coefficient, 
especially  at  polaritonic  spectroellipsometry. 

Copper.  Optical  properties  of  copper  have 
been  studied  also  rather  in  detail  by  various 
authors  and  are  presented  in  the  same  review  [6]. 
The  spectral  behaviour  of  optical  conduction  of 
copper  in  the  visible  and  UV  ranges  is  condi¬ 
tioned  by  strong  interzone  transitions  near  X  and 
L  points  of  Brilouin  zone  from  the  states  lying 
below  the  Fermi  level  into  those  lying  above  it.  In 
the  IR  region,  the  main  contribution  into  optical 
conduction  is  made  by  free  electrons.  As  it  was 
mentioned  above  for  the  determinaton  of  electron 
parameters,  it  is  necessary  to  have  copper  optical 
constants  not  distorted  by  the  effect  of  transi¬ 
tional  surface  layer.  Therefore,  when  studying 
copper  we  used  the  same  method  as  for  alu¬ 
minium,  i.e.  removal  of  the  oxide  and  adsorbed 
compounds  layer  by  ionic  bombardment  and  con¬ 
sideration  of  this  layer  in  calculations  according 
to  the  method  [1]  from  the  results  of  the  measure¬ 


ments  with  several  incidence  angles  at  both  ordi¬ 
nary  and  polaritonic  spectroellipsometry. 

Spectral  dependences  of  optical  conduction  cr 
on  the  wavelength  X  for  copper  samples  with  the 
thickness  of  the  surface  layer  5  nm  (curve  2)  and 
3  nm  (curve  3)  obtained  using  polaritonic  spec¬ 
troellipsometry  are  shown  in  Fig. 4.  As  in  the  case 
of  the  aluminium  sample,  the  ionic  polishing  did 
not  remove  completely  the  oxide  layer  from  a 
copper  mirror.  The  curve  1  in  Fig. 4  corresponds 
to  optical  conduction  of  the  copper  sample  found 
by  our  ellipsometric  measurements  without  con¬ 
sideration  for  the  surface  layer  as  it  was  usually 
done  in  all  previous  works.  It  should  be  noted 
that  the  data  obtained  for  optical  conduction  rs  of 
copper  by  ordinary  elhpsometry  practically  coin¬ 
cide  with  the  curves  2  and  3.  Attracts  attention 
the  fact  that  the  spectral  curves  2  and  3  little  dif¬ 
fer  from  each  other.  This  may  testify  to  the  fact 
that  the  surface  layer  on  copper  is  more  uniform 
than  on  aluminium;  this  leads  to  the  coincidence 
of  the  results  at  ordinary  and  polaritonic  spec- 
troellipsometries  for  different  thickness  of  the 
layer. 

Fig. 5  shows  the  dependences  on  the  wave¬ 
length  X,  of  the  refraction  index  n,  of  the  surface 
layer  for  the  thickness  5  nm  (curve  1)  and  3  nm 
(curve  2)  as  well  as  of  the  absorption  coefficicnl 
X,  for  the  same  thicknesses  (curve  3,4)  obtained 
at  polaritonic  spectroellipsometry. 

Optical,  electron  diffraction  and  other,  studies 
of  copper  films  oxidized  in  oxygen  under  different 
conditions  were  carried  out  in  [8].  It  turned  out 
that,  depending  on  the  oxidation  conditions,  cop¬ 
per  films  transformed  into  a  mixture  of  CU2O, 
CuO  in  different  concentrations  and  under  some 
conditions  -  into  that  of  CU2O,  CuO  and  Cu.  For 
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aU  cases  mentioned,  measured  were  spectral  de¬ 
pendences  of  the  refraction  n,  and  absorption  Xj 
indices.  The  comparison  of  the  results  obtained 
(see  Fig. 5)  and  data  from  [8]  shows  that  the  curve 
1  corresponds  mainly  to  the  presence  of  CU2O  in 
the  surface  layer  of  our  sample.  The  curve  3  con¬ 
firms  this  conclusion  by  the  behaviour  of  the 
spectral  dependence  similar  to  [8].  However,  in  its 
absolute  value  the  curve  3  corresponds  to  the 
presence  of  a  certain  amount  of  pure  copper  in 
the  surface  layer  which  is  rather  logic  taking  into 
account  the  surface  roughness.  With  the  decrease 
of  the  layer  thickness,  the  CU2O  concentration 
becomes  lower  and  that  of  CuO  rises  what  fol¬ 
lows  from  the  comparison  of  the  curve  2  with  the 
analog  curve  in  [8].  At  the  same  time,  the  decrease 
in  the  thickness  of  the  surface  layer  owing  to  ionic 
bombardment  results  in  the  lowering  of  pure  cop¬ 
per  content  what  follows  from  the  decrease  of  the 


absolute  value  of  the  absorption  coefficient  Xi 
(curve  4).  Thus,  ionic  bombardment  leads  not 
only  to  the  decrease  in  the  thickness  of  the  surface 
layer  but  also  to  the  variation  of  its  composition, 
i.e.  to  the  rise  of  CuO  concentration  as  compared 
to  CU2O  and  lowering  of  the  pure  copper  concen¬ 
tration  in  it. 

Summarising  the  results  one  can  say  that  tak¬ 
ing  into  account  the  surface  layer  of  the  oxide  and 
adsorbed  compounds  on  the  metal  at  spectroel- 
lipsometric  measurements  gives  the  possibility  to 
obtain  more  exact  results  for  optical  constants  of 
metal  and  consequently,  its  electronic  parameters 
what  is  demonstrated  in  this  paper  on  the  exam¬ 
ples  of  aluminium  and  copper.  Apart  from  this,  a 
number  of  conclusions  on  the  nature  of  the  sur¬ 
face  layer  itself  can  be  made. 
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OnxHHecKHe  CBOHCTsa  mc^ih  h  ajHOMHHua,  nojiyneHHbie 
c  yneToivi  noBepxHOCXHoro  cjioh  iviexo^oivi  o5biHHOH  h 
nOJIHpHXOHHOH  cneKxpo3JiJiHncoMexpHH 


B.A.Bojiotucb,  JI.IO.MejibHHHeHKO,  B.IO.IlacbKO,  H.A.UIaHKeBHu 

ripoBeneHbi  cneKTpoaiiJiKncoMeTpHHecKHe  Hccne/roBaHHa  c  npuMeneHHeM  ksk  oGbiuhoh,  tbk  h  nojta- 
pHTOHHOH  MHoroyrJioBOH  cneKTpoajiJiHncoMexpfrH  OKHCJieuHbix  h  HOHHO-6oM6ap/iHpoBaHHbix  nosepx- 
HOCTeir  Al  h  Cu.  nojiyueHu  onTnuecKHe  nocTosmubie  UHcroro  Meraruia  h  nepexonHbix  noBepxHocTHbix 
cjioeB,  HTo  nosBOJiHJio  BbiHBHTb  pufl  ocobeuHocTeH  ajieicrpoHHOH  crpyKTypbi  HccjienyeMbix  o6pa3noB,  a 
TaK5Ke  cocraBa  noBepxuocTHoro  citoa.  BnepBbie  SKcnepuMeHTajibHO  yaanocb  oOnapyxcHTb  nna  riina 
Me)K30HHbix  nepexonoB  b6jih3h  ToueK  W  h  K  30Hbi  EpHJUiioaHa  fljia  Al. 
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Dynamics  of  the  space  eharge  accumulation  at  the 
nonpolar  liquid  dielectric  -  metal  interface 


S.Ya.  Shevchenko 


T.Shevchenko  Kiev  University,  64  Vladimirskaya  St.,  252017  Kiev,  Ukraine 

An  experimental  measurement  method  of  the  space  charge  density  distribution  at  the  inteiface  metal 
-  liquid  dielectric  is  described.  The  method  depends  on  the  transient  current  measurement  just  after 
applying  the  external  transport  field.  It  is  suggested  that  the  charge  carriers  have  only  one  sign  and  the 
injection  from  electrodes  is  absent.  One  can  succeed  in  calculation  of  the  space  charge  dynamics  by 
means  of  changing  the  short  circuit  period  before  the  applying  the  transport  field.  The  experimental 
results  for  the  liquid  G2  used  in  electrophotography  are  obtained.  The  maximum  space  charge  density 
is  3'10“®  Q/cm^  at  0.1  cm  distance  from  electrode.  The  negative  ions  mobility  is  2-10  cm^A^  sec. 

OnHcano  eKcnepHMeHxanbHHH  Merofl  BHMipioBaHHSi  po3no.ilijiy  rycTHHH  npocropoBoro  aapafly 
noflBiHHoro  luapy  nofijiHsy  Me>Ki  pos^ijiy  Mexaji  -  piflKHH  flieneKrpHK.  Merofl  fiasyerbca  na  BHiuipio- 
BaHHi  nepexiflHoro  cxpyMy  Bi^pasy  nicjia  npHKJiafleHHa  aoBHiiuHboro  xpancnopxnoro  nojia  i 
npnnycKae  naaBnicxb  nociiB  oflHoro  snaKy  xa  Biflcyxnicxb  iH)KeKuii  3  ejiexxpofliB.  SMina  nacy  BHxpnM- 
KH  piaKoro  fliejieKXpHKa  y  KopoxKosaMKHyxoMy  cxani  iiepefl  npHK.iiaaeHHflM  aoBHiuiHboro  nojia  aae 
MO)KJiHBicTb  poapaxyBaxH  annaMiKy  poanofliJiy  npocropoBoro  sapsmy-  OflepxcaHo  eKcnepHMenxajifaHi 
aajiexcHocxi  fljw  piAHnn  "Kl,  mo  BHKopHcxoByexbca  b  ejieKxpo4)oxorpa(J)ii.  MaKCHMajibHa  rycxHna 
npocTopoBoro  sapsmy  S  IO-^^  Kji/cm^  na  Biflcxani  0.1  cm  Bifl  MexaneBoro  ejieKxpoay.  PyxoMicxb  Bifl’cM- 
Horo  ioHHoro  aapa^y  cKJiaaae  210^"*  cm^/B'C. 


Investigation  of  the  space  charge  processes  in 
the  nonpolar  liquid  dielectrics  under  low  electric 
field  conditions  is  an  important  and  challenging 
problem.  The  well-known  experimental  proce¬ 
dures  which  are  based,  for  instance,  on  the  optical 
beam  polarization  [1]  can  be  used  only  at  high 
fields  and  have  insufficient  resolution.  Moreover, 
these  procedures  are  appropriate  only  for  opti¬ 
cally  active  liquids.  The  purpose  of  this  paper  was 
to  investigate  the  initial  stages  of  nonpolar  liquid 
dielectric  conductivity  caused  by  the  accumula¬ 
tion  and  relaxation  of  the  volume  charge  near  the 
dielectric  -  metal  interface. 

The  investigation  of  these  processes  in  a  com¬ 
monly  used  sandwich  cell  is  complicated  by  the 
very  small  value  of  appropriate  current  (down  to 
10'*^  A  and  below)  and  by  the  superimposing  of 
processes  near  opposite  electrodes.  The  double 
layer  charge,  on  the  other  hand,  can  be  investi¬ 
gated  by  way  of  measuring  the  electrical  current 
in  the  external  circuit  after  applying  the  electric 
field  to  the  dielectric  layer.  The  circuit  chart  is 


shown  in  Fig.l.  Before  applying  the  transport 
field  the  cell  is  short  circuited.  At  this  stage,  the 
volume  charge  regions  develop  near  the,  metal 
electrodes. 

After  applying  an  external  field  the  total  cur¬ 
rent  in  any  point  is  equal  to  the  sum  of  conduc¬ 
tion  and  displacement  currents: 

J(x,  0  =  F  •  0  •  E{x,  f)  - 

5p(x,  t)  dEjx,  t)  (1) 

dx  at  ’ 

where  Sg  is  the  electrical  constant,  s  -  permittivity 
of  the  liquid,  D  -  diffusion  coefficient  of  the 
charge  carriers,  p.  -  their  mobility,  p(x,t)  and 
E(x,t)  are  the  space  charge  density  and  electrical 
field  strength  at  a  distance  x  from  the  measuring 
electrode  at  the  instant  t. 

Integrating  eqn.(l)  over  the  dielectric  thick¬ 
ness  with  regard  to  the  conservation  of  the  total 
current  we  obtain  the  expression  for  the  current 
in  the  external  circuit: 
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0  40  80  120  t,  sec 

Fig.  1 .  The  time  dependence  of  the  transient  current 
through  the  nonpolar  dielectric  liquid  G2  used  at  pre¬ 
sent  in  electrostatic  photography.  The  layer  thickness 
is  0.7  cm,  measuring  electrode  diameter  3.0  cm,  exter¬ 
nal  source  voltage  350  V.  Period  of  short  circuit  in 
minutes:  curve  1  -  1 ,  curve  2-2,  curve  3-4,  curve  4 
-  8,  curve  5  -  1 6,  curve  6  -  32. 


-  •  J(f)  =  H  •  j  p(x,  t)  •  E(x,  f)-dx-  (2) 
0 

L  L 

£)•—  J  p(x,  0  •  <&  +  eEq  •  J  E{x,  t)  •  dx. 


where  S  is  the  measuring  electrode  area.  When 
the  field  is  greater  than  10  V/cm  and  the  mobility 
is  less  than  1  cm^A^-s,  the  diffusion  term  in 
eqn.(2)  may  be  neglected. 

For  a  constant  applied  voltage  during  the 
measurement,  the  third  term  in  the  right  hand 
part  of  eqn.(2)  is  also  equal  to  zero.  This  reason¬ 
ing  yields  a  simple  equation: 

L 

J{t)  =  ^\p(xJ)-E{xJ)-dx  (3) 
0 

When  the  field  of  volume  charge  is  much  less  than 
the  external  transport  field,  E{x,t)  may  be 
thought  of  as  a  constant.  Therefore,  it  may  be 
factored  outside  the  integral.  Performing  the  dif¬ 
ferentiation  of  the  expression  obtained  with  re¬ 
spect  to  time,  we  obtain  the  equation  which 
relates  the  volume  charge  density  at  the  measur¬ 
ing  electrode  to  the  current  in  the  external  circuit: 

=  \p{^.t)-dx  = 

J 


q-10‘®Q/cm3 


3-2  h/Ls 


1.6  W3 


0.0  0.3  0.6  0.9  1.2  x,cm 

Fig.2.  Space  charge  distribution  in  the  dielectric  liq¬ 
uid  calculated  from  the  data  of  Fig.  1  with  the  use  of 
eqn.(5). 


S{yiEr 

Hence,  the  time  derivative  of  the  measured  cur¬ 
rent  defines  the  volume  charge  density  at  its  exit 
to  the  measuring  electrode. 

The  amount  of  the  space  charge  near  the  metal- 
Uc  electrodes  tends  to  grow  with  the  duration  of 
dielectric  exposure  in  a  short  circuit.  The  transient 
current  after  applying  the  transient  field  undergoes 
corresponding  changes  (Fig.2).  Both  the  current 
curve  form  and  space  charge  distribution  become 
stable  for  a  period  of  a  few  hours.  The  total  volume 
charge  can  be  calculated  through  integration  of  the 
experimental  current  dependence: 


Q  =  -\j(f)-dt. 


On  the  other  hand,  in  the  small  signal  approxima¬ 
tion  (external  field  is  well  in  excess  of  the  space 
charge  field),  the  initial  current  is  determined  by 
space  charge  distribution  before  application  of 
the  external  field: 


■^(^0)  =  ^  J  P(^’  ^o)  = 


One  can  calculate  from  this  equation  the  mobility 
of  ions  which  form  at  the  charged  double  layer: 

E-Q' 

For  the  dielectric  liquid  under  investigation,  the 
mobility  was  1.95-  lO"**  cm^A7  s.  A  knowledge  of  p 
makes  it  possible  to  calculate,  with  the  use  of 
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eqn.(5),  the  distribution  of  charge  density  for 
different  durations  of  stay  in  the  short  circuit 
(Fig. 2).  The  values  of  distance  passed  by  charge 
carriers  in  the  period  t  with  the  velocity  p.  •  E 
are  plotted  as  abscissas  (Fig. 2)  in  place  of  time 
t.  It  is  reasonable  that  the  conditions  of  the 
function  p(x,t)  formation  undergo  a  change  at 
the  instant  when  the  field  is  applied  to  the  di¬ 
electric.  The  longer  is  the  drift  of  charge  carri¬ 


ers,  the  greater  the  function  p(x,f)  changes  its 
shape  as  compared  with  the  initial  one.  Thus, 
the  space  charge  arrived  from  the  opposite  elec¬ 
trode  undergoes  more  changes. 
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/I,HHaiviHKa  aKKyiviyjiHpoBaHHfl  o6'beiviHoro  3apfl.aa  y  noeepxHOCTH 
pasziejia  acn/iKHH  /iH3JieKTpHK  -  Mcrajui 

C..H.llIeBMeHKO 

OriHcaH  oKcnepHMeHxajibHbiH  Meroa  HSMepenHa  pacnpeaeJicHHH  iuiothocth  npocrpaHCTBeHHoro 
sapaaa  flBOHHoro  cjioa  b6jih3h  rpanHUbi  paa^ejia  Merajui  -  acHflKHii  .auaJieKTpHK.  Merofl  ocHOBan  na 
H3MepeHHH  nepexoflHoro  TOKa  cpaay  nocjie  npHJioiKeHHa  BHeuinero  TpancnopTHoro  nojia  h  npeano- 
jiaraer  Hajianae  HOCHTenefl  oflHoro  3HaKa  h  OTcyrcTBHe  HHXceKUHH  h3  sjieKTpoflOB.  HaMenaa  BpeMa 
BbiflepacKH  >KHflKoro  flHSJieKTpHKa  B  KopoTKosaMKHyroM  cocToaHHH  nepea  npmioiKeHHeM  BHeuinero 
nojia,yflaerca  paccanraTb  gHHaMHKy  pacnpeAeaenua  npocrpaHCTBCHHoro  aapaaa.  nojiyHeubi  3KcnepH- 
MeHxajibHbie  aaBHCHMOcxH  flJia  acHgKOCxH  ^2,  npHMeHaeMOH  b  3JieKxpo4)oxorpa4)HH.  MaKCHMaJibHaa 
riJioxHOCxb  npocxpancxBeHHoro  aapaaa  3-10“^  Kji/cm^  na  paccxoanHu  0.1  cm  ox  MexajiiiHHecKoro 
3JieKXpofla.  no.iiBHacHocxb  oxpHuaxejibHoro  HOHHoro  aapa^a  cocxaBJiaex  210“'*  cm^/B-c. 
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Simulation  of  phosphor  on  the  diamond  surface 
and  its  superfine  structure 


N.V.Tokii,  M.V.Grebenyuk  and  V.V.Tokii 


Donbass  State  Academy  of  Architecture  and  Constructions, 

339023  Makeyevka,  Ukraine 

The  molecular-orbital  approach  is  applied  for  phosphor  on  the  relaxed  (1x1)  surface  (111)  of 
diamond.  The  wave  functions  for  different  values  of  relaxation  were  calculated  and  a  comparison  with 
the  EMR  data  was  made.  The  results  of  this  comparison  allow  to  make  a  conclusion  that  the  paramag¬ 
netic  phosphor  in  diamond  is  the  second  nearest  neighbour  of  the  vacant  site  of  the  lattice. 


MoJieKyjwpHO-opGixaJibHHH  niflxin  aacTocoBano  no  (f)oc(|)opy  ua  pejiaKCOBauiu  (1x1)  noBepxni 
(111)  ajiMaay.  OdHHCJiepo  XBHJibOBi  (jjyHKuii  mu  pianux  BejiHHHH  penaKcauii  xa  npoBeneno  nopie- 
uaHHH  3  EflP  naHHMH.  PesyjibxaxH  fl03BOJi5noxb  apoOuxu  bhchobok,  mo  napaMarHixHHU  ({)oc(J)op  y 
ajiMaai  e  npyrnM  HaH6jiH»CMHM  cycinoM  BaxanxMoro  Bysjia  rpaxxu. 


The  active  electronics  requires  a  semiconducting 
diamond  of  the  n-type.  The  mechanisms  of  different 
defects  and  their  properties  formation  are  unknown 
so  far.  Both  these  aspects  of  the  problem  of  defects 
in  diamond  are  mutually  connected  and  the  pro¬ 
gress  in  one  of  them  makes  possible  the  progress  in 
the  other.  Recently,  we  have  studied  the  hyperfine 
structure  of  the  paramagnetic  nitrogen  and  phos¬ 
phor  impurities  [1-3].  In  particular,  the  EPR  spec¬ 
trum  of  phosphor  looks  like  a  doublet  of  low 
intensity  but  with  distinct  lines  at  the  edges  of  the 
central  component  of  the  nitrogen  triplet  and  hav¬ 
ing  the  following  parameters:  g=2.0025±0.0002, 
.-1=20.8±0.2  Gs,  5=  1.2+0. 2  Gs.  However,  the  phos¬ 
phor  position  in  the  lattice  of  diamond  has  not  been 
established.  The  present  paper  is  dedicated  to  a 
simulation  of  the  phosphor  paramagnetic  center  on 
the  surface  of  diamond  using  modem  mathematical 
models  [4]. 

For  the  calculations  we  used  a  group  consisting 
of  21  carbon  atoms  and  one  phosphor  atom.  This 
group  was  in  the  form  of  a  semisphere  and  included 
the  central  phosphor  in  the  site  (000).  Our  considera¬ 
tion  was  based  on  the  theory  of  strong  bounding  and 
unielectron  Shroedinger  wave  equation.  The  basis  of 
the  sx'stem  was  limited  by  the  jp^-hybridized  orbitals 
constructed  of  the  Is  and  2p  atomic  wave  functions  of 
carbon  and  3s  atomic  wave  functions  of  phosphor. 


These  orbitals  were  assumed  to  be  orthogonal  in 
different  sites  of  the  lattice.  The  interaction  of  the 
first  nearest  neighbours  was  described  in  the 
scope  of  Harrison  matrix  elements.  The  intrinsic 
functions  and  energy  values  of  the  electron  sys¬ 
tem  were  defmed  by  the  Hamiltonian  diagonali- 
sation.  The  calculations  were  made  for  an  ideal 
(unshifted)  (111)  surface  of  diamond  and  were 
repeated  for  a  (111)  (1x1)  surface  relaxed  [5]  by 
various  values. 

The  results  of  the  calculations  are  given  in 
the  Table  1 . 

Table  1.  Parameters  of  a  hyperfine  structure  and 
coefficients  of  the  wave  function  of  the  uncoupled 
electron  on  the  phosphor  nucleus  on  the  ( 1 1 1 )  ( 1  x  1 ) 
surface  of  diamond. 


Kpm) 

a? 

A,  (Gs) 

/li  (Gs) 

0.00 

0.018 

0.141 

93.7 

50.1 

4.62 

0.015 

0.138 

83.1 

40.5 

18.52 

0.008 

0.124 

54.7 

16.3 

Experunent 

0.006 

0.012 

23.2 

19.6 

where  r  is  the  shift  of  the  first  surface  atom  layer 
in  the  crystal  bulk  direction;  the  ionizing  poten¬ 
tials  of  carbon  atoms  19.5  eV  and  10.7  eV  for  the 
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2s  and  2p  orbitals,  respectively,  were  taken  from 
[6],  A  part  of  the  unielectron  crystal  orbital  of  the 
uncoupled  electron  centered  on  the  phosphor 
atom  was  chosen  in  the  form: 

3  3 

<5  =  « 'I'a,  + 1  Pi  and  ^  (Pi)'; 

k=l  k==l 

The  values  =  3846  Gs  and  =  3537  Gs  for  a  free 
phosphor  using  the  Hartry-Fock  ealculations  [7]. 

Discussion 

Comparing  the  calculations  with  the  experi¬ 
mental  data  of  the  Table  1  we  see  a  rather  poor 
agreement  between  the  theory  and  experiment 
which  is  inferior  to  our  recent  calculations  [8]  for 
phosphor  near  a  vacant  site  given  in  the  Table  2. 

Table  2.  Parameters  of  a  superfine  structure  and 
coefficients  of  the  wave  function  of  the  uncoupled 
electron  on  the  nucleus  of  phosphor  near  the  central 
site  of  the  diamond  cluster. 


System 

Phospor 

a? 

,4,1  (Gs) 

A,  (Gs) 

V+27C+P 

(1,1,1) 

0.116 

0.570 

538 

362 

V+27C+P 

(2,2,0) 

0.005 

0.021 

24.2 

17,7 

V+27C+P 

(3,1,1) 

0.000 

0.014 

2.9 

-1.5 

where,  in  the  calculations,  phosphor  subsequently 
substitutes  the  first  nearest  neighbour  (1,1,1)  of 
the  vacant  site  (0,0,0)  of  the  28-atomic  diamond 
cluster  and  then  the  second  (2,2,0)  and  the  third 
(3,1,1)  nearest  neighbours. 

The  analysis  of  the  Table  I  and  2  allow  to 
conclude  that  the  paramagnetic  phosphor  in  dia¬ 
mond  is  the  second  nearest  neighbour  of  the  va¬ 
cant  site  of  the  lattice. 
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MoTieJiupoBaHHe  ())oci|)opa  na  ajiiviasHOH  (111)  (1x1) 
noeepxHOCTH  m  ero  ceepxTOHKaa  cxpyKTypa 

H.B.Tokhh,  M.B.rpe6eHioK,  B.B.Tokhh 

MojieKyjiflpHO-opfiuTajibHbiH  noAXoa  npuMeHaerca  k  <})oc(})opy  ua  pejiaKcnpoBaHHOH  (1x1)  iionepx- 
HOCTH  (1 1 1)  aJiMasa.  BbiuHcnenbi  BOJiHOBbie  ^yHKUHH  nflsi  paaJiHUHbix  BejiHUHH  pejiaKcauHH  h  npoBeae- 
HO  cpaBHeHHe  c  DHP  flaunbiMH;  PesyjibTaTb!  nosBOJunox  CAeJiaxb  BbiBOfl,  hto  napaMaruHTHbin  (jjocepop  b 
ajiMaae  aBJwexca  BxopbiM  fijiHxcafimHM  coceflOM  BaKaHXHoro  ysJiapemeTKH. 
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Mechanical  stresses  and  charge  stability 
in  non-polar  polymeric  electrets 


V.G.Boitsov,  A.A.Rychkov  and  I.N.Rozhkov 


Russian  State  Pedagogical  University,  48  Moika, 

St.Petersburg,  Russian  Federation 

A  correlation  between  morphology  and  charge  stability  in  non-polar  polymeric  electrets  has  been 
studied.  Isomeric  heating  of  polymer  is  shown  to  cause  the  changes  in  the  supermolecular  structure, 
particularly  in  the  crystallinity.  Measurements  on  electrets  were  made  using  special  experimental 
method  based  on  simultaneous  registration  of  the  thermal  shrinkage  stresses  and  the  surface  potential 
relaxation.  It  has  beai  found  that  mechanical  stresses  in  the  polymer  influence  the  charge  stability 
significantly.  From  the  results  obtained  we  were  able  to  determine  the  isometric  heating  conditions 
which  were  useful  to  improve  charge  stability  of  non-polar  polymeric  electrets. 


Bhehcho  3B’fl30K  Mi*  Mop(})OJiori€30  i  CTa6ijibHicTK)  3apaxiy  b  nenojwpHHX  noniMepHHX  eneKTperax. 
IIoKaaaHo,  mo  isoMerpHHHe  narpiBaHHa  npuBojuiTb  flo  3MiHH  Ha/jMojieKyjwpHoi  crpyKrypn  noniMepa, 
oco6jihbo  fioro  KpHcraJiiHHOcri.  IlpH  BHMipioBaHHsix  BmcopHcroByBanacb  opHrinajibHa  MeroniiKa,  mo 
Saayerbca  na  oflHOHacHiu  peecxpauh  TqjMoycaflKOBHX  nanpyr  i  {jenaKcaqii  noBqjxnesoro  noTenijiajiy. 
PesyjibTaTH  aocaii,ipKeHb  aarorb  MOitcJiHBicTb  BHSuaHHTH  peiKHMH  iaoMerrpHHHoi  TepMoo6po6KH  nojii- 
MqjHHX  njiiBOK  npn  npoMHCJioBOMy  BHpoSnHUTBi  nojiiMepnnx  njiisKOBHX  ejieKrperiB. 


Introduction 

The  membranes  made  of  the  polymer  electrets 
are  widely  used  for  electret  transducers  produc¬ 
tion.  The  electret  membranes  production  includes 
the  thermal  treatment  which  leads  to  the  shrink¬ 
age  stresses.  The  connection  between  the  shrink¬ 
age  stress  and  electrophysic  parameters  of  the 
polymer  electrets  is  still  insufficiently  studied. 
The  establishment  of  these  connections  and  ways 
to  manage  the  mechanical  and  electrical  stability 
of  the  electret  membranes  would  allow  to  formu¬ 
late  the  demands  to  the  polymer  materials  and 
technology  of  electrets  and  to  improve  the 
transducers  quality. 

Experimental  results  and  discussion 

Our  samples  were  uniaxially  oriented  films  of 
PP,  PTFE  and  FEP-Teflon  with  10  pm  of  thick- 

o 

ness,  metallized  on  one  side  with  500  A  vacuum 
evaporated  aluminium.  The  electrization  was  car¬ 
ried  out  by  corona  triod.  The  distance  between 
the  needle  and  the  grid  was  15  mm,  that  between 


the  grid  and  the  dielectric  surface  -  3  mm.  The 
sample  holder  potential  was  300  V. 

The  curves  of  isometric  heating  (CIH)  and  ther¬ 
mally  stimulated  relaxation  of  the  surface  potential 
(TSRSP)  for  the  PTFE,  FEP-Teflon  and  PP  sam¬ 
ples  are  shown  on  Fig.  1 ,  2  and  3,  respectively. 


Surface 

potential,  V  a,  MPa 


Fig.l.  CIH  (4)  and  the  TSRSP  (1,2,3)  curves  for 
uniaxial  oriented  PTFE  films. 
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Surface 

potential,  V  a,  MPa 


Fig.2.  CIH  (4)  and  the  TSRSP  (1,2,3)  curves  for 
uniaxial  oriented  FEP-Teflon  films. 

The  heating  rate  of  4.4  K/min  was  used.  The 
curves  of  CIH  and  TSRSP  were  measured  simul¬ 
taneously.  After  first  cycle  TSRSP  up  to  T< 
(curve  1),  there  is  almost  no  increase  of  charge 
thermostability  in  the  second  cycle  (curve  2). 

If  the  heating  in  the  first  cycle  reaches  T>T^ 
(but  not  melting  point)  a  charge  thermostability 
increase  takes  place  (curve  3). 

Thus,  the  maximum  point  on  the  CIH  sepa¬ 
rates  the  temperature  regions  where  thermal 
processing  of  the  sample  influences  or  influences 
not  the  thermostabihty  of  the  electrets.  It  is  evi¬ 
dent  that  the  growth  of  charge  thermostability  in 
the  second  TSRSP  cycle  occurs  if  the  heating 
brings  to  temperature  at  which  the  shrinkage  me¬ 
chanical  stresses  in  the  membranes  attain  almost 
the  relaxation.  If  the  sample  heating  almost 
reaches  the  melting  temperature  of  crystallites 
then  stability  decreases  considerably.  We  estab¬ 
lished  that  the  increase  of  thermostabihty  after 
the  thermal  processing  is  observed  at  fluorine 
polymers  only  for  negative  charge  and  at  PP  foil 
electrets  for  charge  of  both  signs. 

The  relaxation  of  shrinkage  stresses  reflects 
the  variations  in  the  supermolecular  structure  of  a 
polymer.  According  to  [1]  the  relaxation  of 
shrinkage  stresses  occurs  as  a  result  of  stretching 
out  the  ends  of  the  tied  macromolecules  in  amor¬ 


Surface 

potential,  V  a,  MPa 


Fig.3.  CIH  (4)  and  the  TSRSP  (1,2,3)  curves  for 
uniaxial  oriented  PP  films. 

phous  phase  from  the  crystalline  blocks.  The 
growth  of  the  contour  length  of  macromolecules 
makes  the  folding  of  the  chain  and  its  crystal¬ 
lization  easier. 

At  the  same  time,  the  share  of  the  defect  crys¬ 
talline  phase  and  the  density  of  amorphous  re¬ 
gions  in  the  polymer  microfibrilles  are  increased. 
Such  processes  stimulate  the  formation  of  new 
structural  traps  at  the  amorphous-crystalline 
phase  interface  and  also  limit  the  conformation 
set  of  macromolecules  in  the  amorphous  phase. 
That  is  why  after  the  second  charging  of  the  ther¬ 
mally  processed  sample  the  release  of  the  charge 
carriers  captured  at  the  structural  traps  occurs  at 
higher  temperature.  Thus,  the  growth  of  the  elec- 
tret  charge  thermostability  after  thennal  process¬ 
ing  and  relaxation  of  shrinkage  mechanical 
stresses  occurs  as  a  result  of  crystallization  fin¬ 
ished  relaxation  of  tied  macromolecules.  This  was 
confirmed  by  investigations  of  nuclear  magnetic 
resonance  spectra  of  the  polymer  films  [2]. 
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MexaHHHecKHe  HanpaaceHHH  h  CTaSHJibHOCTb  aapa^a  b 
HenoJiapHbix  nojiHiviepHbix  3JieKTpeTax 

B.r.BOHUOB,  A.A.PbIHKOB,  H.H.Po>kkob 

HsyneHa  cBHSb  MejKfly  MopcJjoJiorHeH  h  craGnjibHOCTbio  sapa^a  b  HenorapHbix  nojiHMepnbix  sneK- 
xperax.  IloKaaaHo,  mto  HaoMerpHHecKoe  HarpeBaHHC  npHBOflUT  k  HBMeHeHHW  cBepxMOJieKyjiapHOH 
crpyKTypbi  noJiHMepa,  b  oco6eHHocTH  ero  KpHcranJiHMHOCTH.  ITpn  usMepeHHHX  ncnonb30Bajiacb 
opHFHHajibHasi  MCTOAHKa,  ocHOBaHHaa  Ha  oflHOBpeMeHHOH  perHcrpauHH  xepMoyca/joHHbix  Hanpa- 
jKeHfiH  H  pejiaKcauHH  noBcpxHocxHoro  noxeHUHajia.  Peayjibxaxbi  HccjieaoBaHHH  /jaiox  B03M0)KH0CTb 
onpejiejiHXb  pejKHMbi  HsoMexpHHecKOH  xepMoo6pa6oxKH  nojiHMepHbtx  hjibhok  npH  npoMbimjieHHOM 
npoH3BOflcxBe  nojiHMepHbix  njreHOHHbix  ajieKxpexoB. 
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Scintillation  detectors 


♦ 


♦ 


Low  background  detectors  possessing  low  intrinsic 
background  for  the  registration  and  spectrometry 
of  weak  flows  of  gamma  radiation. 
Vibrothermostable  detectors,  operating  in  a  wide 
temperature  (-60...  +  150  °C)  and  mechanical  load 
range. 


♦ 

♦ 

♦ 

♦ 


Detectors  of  general  purpose  for  the  registration  and  spectrometry 
of  gamma  radiation. 

Scintiblocks  -  scintillator  plus  photomultipier  with  high  energy 
resolution  for  the  registration  and  spectrometry  of  gamma 
radiation  of  the  energy  of  50  keV  and  higher. 

Phoswiches  -  combined  detectors  for  highly  sensitiv  selective 
spectro-  and  radiometry  under  conditions  of  natural  and 
increased  background. 

X-ray  detectors  converting  X-ray  and  soft  gamma  radiation  into 
light  energy. 


Scintillation  materials 

♦  Halogenides  of  alkali  metals 

•  sodium  iodide  doped  with  thallium; 

•  cesium  iodide  doped  with  thallium; 

•  cesium  iodide  doped  with  sodium; 

•  combined  cesium  iodide  and  cesium  bromide  single  crystals; 

•  cesium  iodide  doped  with  cesium  carbonate; 

•  potassium  chloride; 

•  potassium  bromide; 

•  combined  potassium  chloride  and  bromide  single  crystals. 


Amcrys-H  Limited 

ALCALI  HALIDE  CRYSTALS 


60  Lenin  Ave., 
310001  Kharkov, 
Ukraine 


Tel.:  380  (572)  307  906 
Fax:  380  (572)  320  207 
E-mail:  amcrys-h@isc.kharkov.ua 


Information  for  Authors 


The  journal  "Functional  Materials"  issued  by 
the  National  Academy  of  Sciences  of  Ukraine 
publishes  papers,  short  communications,  letters  to 
the  Editor,  and  comments  comprising  results  of 
theoretical  and  experimental  studies,  descriptions 
of  preparation  methods  and  practical  use  of  the 
wide  scope  of  organic  and  inorganic  materials 
intended  for  various  functional  purposes.  Special 
attention  is  given  to  works  dealing  with  problems 
of  obtaining  new  materials  having  complex  sche- 
motechnical  functions.  The  Journal  pubhshes  also 
requested  reviews  on  the  actual  problems  corre¬ 
sponding  to  its  subjects  as  well  as  current  infor¬ 
mation,  e.g.  chronicle,  personalia,  paid  advertising 
communications,  etc. 

The  journal  topics  include: 

•  structure,  phase  transformations  and  proper¬ 
ties  of  single  crystals,  ceramics,  composites, 
nanocrystals,  amorphous  solids,  liquid  crystals, 
polymers,  thin  films,  and  low-dimensional  sys¬ 
tems  (superlattices,  hetero structures,  Lang- 
muir-Blodgett  films,  etc.)  as  applied  to  materi¬ 
als  science  problems; 

•  ways  to  creating  new  functional  materials  with 
preset  properties; 

•  modem  methods  of  materials  research; 

•  problems  and  methods  of  functional  materials 
use  in  modem  technologies. 

Communications  submitted  to  Editorial  board 

must  be  stated  in  most  precise  and  unambiguous 
words.  The  manuscript  submitted  must  contain 
the  authors'  estimation  of  precedent  works,  the 
aim  of  investigation,  the  original  part  and  conclu¬ 
sions  ensuring  the  understanding  of  the  essence  of 
results  obtained  and  of  their  novelty.  The  unjusti¬ 
fied  use  of  new  terms  and  professional  slang  is  to 
be  avoided. 

Authors  are  asked  to  keep  the  following 
instructions: 

1.  Manuscripts  can  be  submitted  in  Russian, 
Ukrainian,  or  English,  at  the  desire  of  authors. 

2.  The  manuscript  should  be  submitted  with 
the  permission  for  publication  given  by  the  organi¬ 
sation  where  the  work  is  done. 

3.  Manuscripts  should  be  typed  on  a  standard 
typevvTiter  or  on  a  printer,  double-spaced,  in  dupli¬ 
cate,  with  the  left  margin  not  less  than  4  cm.  Type 
tables,  captions  for  illustrations  and  summaries 
(abstracts)  on  separate  paper  sheets.  Summary  (up 
to  0.5  page  of  typewritten  text)  is  to  be  in  Russian, 
Ukrainian,  and  EngUsh. 

4.  For  papers,  the  volume  should  not  exceed  15 
tv'pewritten  pages,  tables  and  figures  included  (the 


figures  number  not  more  than  5).  For  short  com¬ 
munications  and  letters  to  the  Editor,  the  volume 
should  not  exceed  3  pages  and  2  figures.  For  let¬ 
ters  to  the  Editor,  the  urgerit  publication  necessity 
should  be  substantiated. 

5.  For  reviews,  the  content  and  volume  should 
be  co-ordinated  with  the  Editors,  therefore,  a  re¬ 
view  summary  and  structure  are  to  be  presented  in 
advance. 

6.  References  should  be  listed  in  the  end  of 
communication,  numerated  consecutively.  The 
initials  and  names  of  all  authors  are  to  be  listed  if 
their  number  is  less  than  four;  otherwise,  the  first 
three  authors  must  be  listed  followed  by  the  re¬ 
mark  "et  al.". 

The  rules  of  the  references  fist  making  is  illustrated 
by  the  samples  below: 

1.  V.V.Berestovsky,  E.M.Lifshits,  L.P.Pitayevsky, 
Quantum  Electrodynamics  [in  Russian], 

Nauka,  Moscow  (1984),  p.l. 

2.  A.M.Sergienko,  R. I. Chernova, 

A.Ya.Sergienko,  FTT,  30,  835  (1988). 

3.  R.Brandley,  J.M. Faber,  C.N.Nelson,  et  al., 
Phys.Rev.,  kU,  1632  (1978). 

4.  A.N.Stirling  and  D.Watson,  in:  Progress  of 
Low  Temperature  Physics,  ed.  by  D.F.Brewer, 
North  Holland,  Amsterdam  (1986),  v.lO, 
p.683. 

5.  K.D. Gromov,  M.E.Landsberg,  in  :  Abstr.  of 
10th  All-Union  Conf.  on  Low  Temperature 
Physics  [in  Russian],  (Tashkent  1986),  Nauka, 
Moscow  (1987),  p.434. 

6.  N.V.Vasil'ev,  Cand.Thesis  (Phys.-Math.  Sci.), 
Moscow  State  Univ.,  Moscow  (1985). 

7.  The  original  issues  must  be  always  refer¬ 
enced  instead  of  translated  ones.  If  a  Russian 
journal  cited  is  translated  and  distributed  abroad, 
please  refer  to  the  Enghsh  version,  if  possible. 
Since  the  papers  will  be  translated  into  English, 
the  designations  and  indices  accepted  in  English 
issues,  i.e.  only  Roman  and  Greek  letters,  must  be 
used  (e.g.  Tm  but  not  Tnji  for  melting  point).  Please 
avoid  the  complicated  and  confused  sentences  in 
original  Russian  (Ukrainian)  text. 

8.  The  figures  are  master-copied  by  scanning 
method,  therefore,  the  Editors  make  special  re¬ 
quirements  to  the  originals  quality  (including  the 
axes  orthogonality,  uniform  lines  width,  the  co¬ 
ordinate  axes  marking  with  inward-directed 
strokes,  etc.).  The  size  of  plots  and  photos  must 
not  exceed  8  cm  in  width  and  20  cm  in  height,  and 
that  of  complex  figures,  not  more  than  1 6  cm  in 
width.  Photographs  must  show  high  contrast.  Xerox 
copies  of  photos  are  not  permitted.  Legends 


(arrows,  designations,  etc.)  are  to  be  made  by 
hand  on  the  one  photos  copy  only.  Figures  must 
be  identified  on  the  back  by  author's  name,  few 
first  words  of  the  paper  title  and  figure  number. 
The  Editors  reserve  the  right  to  reject  papers  having 
low-quality  illustrations. 

9.  The  precise  addresses,  names,  full  first 
names  and  patronyms  of  authors,  office  and/or 
home  telephone  numbers,  fax,  e-mail  must  be 
apphed  to  the  manuscript  submitted.  The  author 

,to  whom  the  correspondence  should  be  addressed 
must  be  pointed  out.  The  paper  original  must  be 
signed  by  all  authors. 

10.  Two  copies  of  proofs  in  Russian 
(Ukrainian)  and  English  are  sent  to  authors. 
These  proofs  signed  by  author(s)  and  marked  by 
the  date  of  signing  are  to  be  sent  back  to  the  Edi¬ 
tors  within  three  days. 

Paper  layout 

Decimal  Classification  Index  (on  the  left) 

Paper  Title 

Authors'  initials  and  names 

Full  name(s)  of  Organisation  (s)  where  the  work  is 
done,  post  address  (es)  of  Organisation  ( s) 

Paper  text  according  to  the  following  general 
layout:  introduction,  experimental  (including  both 
the  preparation  and  studying  methods),  results 
and  discussion,  conclusions,  references  hst,  figures, 
captions  for  figures,  tables,  summaries  (in 
Ukrainian,  Russian,  and  English),  each  item  on  a 
separate  sheet  of  paper. 

Recommendations  to  Authors  Using  the 
Computer  Type-Setting 

1.  Two  copies  of  paper  typed  clearly  on  the 
printer  are  submitted  to  the  Editors.  In  this  case. 


formulas  are  not  to  be  marked,  excluding  capital 
and  small  letters  having  the  same  form,  and  also 
vectors.  In  other  respects,  the  rules  for  the  manu¬ 
script  preparations  are  the  same. 

2.  The  paper  text  can  be  submitted  also  on  a 
floppy-disk  (with  symbols  and  formulas  excluded) 
prepared  using  the  simple  MULTI-EDIT  editor  or 
any  ASCII  editor.  Therewith,  word  divisions,  right 
justification  ,  pageing,  indentions,  and  other  text 
draws-in  are  not  permitted.  Each  line  must  begin 
with  non-blank  symbol,  and  words  must  be  sepa¬ 
rated  by  one  blank  only;  paragraphs,  headings, 
formulas  are  to  be  separated  by  one  empty  line. 
The  symbol  *  (asterisk)  is  to  be  placed  for  a  foot¬ 
note;  the  footnote  text  must  be  type-setted  as  a 
separate  paragraph  just  below  the  current  one. 

3.  Instead  of  formulas  and  symbols,  as  well  as 
instead  Italic  and  bold  Roman  letters,  two  symbols 
##  must  be  placed. 

4.  The  figures  to  be  scanned  must  be  prepared 
with  special  care,  taking  into  account  the  forth¬ 
coming  scale  change.  Photos  or  half-tone  pictures 
are  to  be  submitted  in  sizes  allowing  for  the  re¬ 
production  in  1:1  scale  (width  not  more  than  8  cm, 
height  not  exceeding  20  cm). 

Graphics  can  be  submitted  on  a  floppy-disk  in 
any  of  the  following  formats:  GEM/Dr.  HALO 
DPE  (.IMG),  PC  Paint  brash  (.PCX),  TIFF 
(uncompressed  variants),  MAC  Paint,  CGM 
(.CGM),  Autocad  (.SLD),  MAC  PICT,  EPS, 
HPGL,  Lotus  (.PIC),  Windows  Metafile 
(.WMF). 

At  the  images  preparation  in  such  a  form,  the 
300  point  on  inch  resolution  should  be  counted  on 
for  bit  images,  in  that  case,  figures  can  be  repro¬ 
duced  without  modifications. 


A  camera  ready  master  copy  is  prepared  by  the  Editorial  Board  of  Functional  Materials 
using  the  software  and  technical  support  of  LASERUSS  Scientific  PubUshing  Group. 


Editor  of  Enghsh  text:  V.Ya.  Shnol 


Translated  by:  V.Ya.  Shnol,  T.M.  Grishchenko 


Computer  Operators:  V.Ya.  Serebryanny,  V.A.  Tkachev,  V.V.  Shlakhturov, 
L.D.  Patsenker,  V.A.  Zakorina 


« 


Proof-reader:  E.G.  Protsenko 


